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Referat
Basierend auf Messungen in einer temperaturvariablen 22-Polspeicherappa-
ratur werden im Folgenden zwei Gasphasen Ionen-Moleku¨l-Reaktionssysteme
vorgestellt. Im ersten Reaktionssystem wird mithilfe einer neuen Vorgehenswei-
se zur Messung der Gleichgewichtskonstante der Reaktion HCO+2 + CH4 
CH+5 + CO2 die Protonenaffinita¨t von Methan bestimmt. Das zweite behan-
delt das (Ar + N2)+ Reaktionssystem, wobei die Temperaturabha¨ngigkeit des
Reaktionsratenkoeffizienten fu¨r sowohl die Hin- als auch die Ru¨ckreaktion mit-
tels unterschiedlicher, sich erga¨nzender Methoden ermittelt wird. Diese Ar-
beit wurde ermo¨glicht durch eine sehr vielseitige Apparatur, die auf der HF-
Ionenspeichertechnik basiert. Durch Hinzufu¨gen eines Effusivstrahls zu dem
Aufbau wird das Problem der Kondensation von Neutralgas an den Wa¨nden um-
gangen und dadurch die Erweiterung des zuga¨nglichen Temperaturbereichs bis
unterhalb dessen Gefrierpunkts mo¨glich. Die Einleitung (Kapitel 1) gibt einen
kurzen u¨berblick u¨ber die HF-Technik und andere verbreitete experimentelle
Technologien. Es werden außerdem einige Aspekte der Bestimmung der Tem-
peraturabha¨ngigkeit der Reaktionsraten ebenso behandelt wie das thermody-
namische Gleichgewicht im Laborkontext. Im Kapitel 2 werden der Apparatu-
raufbau und die verwendeten experimentellen Methoden dargestellt. Basierend
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auf den Messungen der Gleichgewichtskonstanten, widmet sich Kapitel 3 der
Protonenaffinita¨t von Methan. Dieses Konzept hat Anwendungen in unterschied-
lichen Gebieten, wie z.B. der Modellierung der Atmospha¨re oder von Verbren-
nungprozessen sowie das U¨berpru¨fen von empirischen und ab initio Theorien
der elektronischen Strukturen. Das in Kapitel 4 vorgestellte (Ar − N2)+ System
ist ein gutes Beispiel fu¨r die Untersuchung der Rolle der Vibrationsanregung
und das Vorhandensein von nicht-adiabatischer Kopplung in der Reaktionsdy-
namik. Die experimentellen Ergebnisse fu¨r die N+2 + Ar Reaktion zeigen, dass
es mo¨glich ist, den Ratenkoeffizienten ohne Beeinflussung durch vibrationsan-
geregten Stickstoff (N2 (ν > 0)) zu messen. Die Messungen der Ru¨ckreaktion
besta¨tigen die Existenz eines Minimums der Reaktionsrate im Temperaturbere-
ich von 30 bis 300 K, aufgrund des Vorhandenseins zweier Reaktionskana¨le.
Im Kapitel 5 erfolgt eine Zusammenfassung und ein Ausblick, wobei einige neue
mo¨gliche Wege fu¨r zuku¨nftige Untersuchungen dargelegt werden.
Schlageworte
Ionen-Moleku¨l-Reaktionen, HF-Multipol-Ionenfalle, thermodynamisches Gle-
ichgewicht, Gleichgewichtskonstante, Protonenaffinita¨t, Reaktionsenthalpie und





Two gas-phase ion-molecule reaction systems are presented here based on
measurements done in a temperature variable 22-pole trapping machine. In the
first case, the proton affinity of methane is determined based on a new tech-
nique for measuring the equilibrium constant of the HCO+2 + CH4  CH+5 + CO2
reaction. The second case reports to the (Ar + N2)+ reaction system, with re-
action rate temperature dependencies measurements made both in the forward
and reverse direction with different and complementary methods. The temper-
ature variable 22-pole trapping machine allows one to determine equilibrium
constants and reaction rate coefficients over a wide range of temperatures. The
coupling of an effusive beam to the setup overcomes the problem of neutral
gas wall condensation and extends the temperature range measurements be-
yond condensation point. The introduction (Chapter 1) gives a short overview
about the rf technology and parallel experimental techniques developed in or-
der to better characterize and understand the several mechanisms related to
ion-molecule reactions. It also focuses some aspects of reaction rate temper-
ature dependencies determination as well as thermodynamical equilibrium in
laboratory environment. A short description of the setup and experimental me-
thods are presented in Chapter 2. Based on equilibrium constant measure-
ments, Chapter 3 is dedicated to the proton affinity of methane. This concept
has applications on several fields such as atmospheric and combustion mod-
eling, or testing empirical and ab initio theories for electronic structures. The
(Ar−N2)+ system presented in Chapter 4, is known for being a good case study
for inferring the role of vibrational excitation in reaction dynamics and to the ex-
istence of non-adiabatic coupling. The experimental results here presented for
the N+2 + Ar reaction demonstrate that it is possible to avoid parallel reactions
with first vibrational excited state of nitrogen (N2(ν = 1)). On the other hand, the
reverse reaction experiments confirm the existence of a minimum of the reaction
rate in the 30 to 300 K range, due to the existence of two reaction channels. The
question of the high rate coefficient towards lower temperatures being related
to the N2 rotational ground state population is raised. A summary and outlook
are presented in Chapter 5, where some new possible paths of investigation are
pointed out.
Key words
Ion-atom reactions, rf-multipole ion trap, thermodynamic equilibrium, equi-
librium constant, proton affinity, reaction enthalpy and entropy, molecular vibra-
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1.1 The importance of ion-molecule reactions
Since they were discovered in the ionizers of mass spectrometers, approxi-
mately 100 years ago [tho11], gas-phase ion-molecule reactions have gained
more and more importance.
Many of these reactions have no barriers, emerging as a preferred process if
compared with a three-body or neutral-neutral system, in conditions where low
densities and low temperatures prevail.




He+, which then undergo various reactions. These chain reactions are of special
significance in aerosol particle formation [apl00].
Ion-molecule reactions have also been the basis of the models developed
in order to describe the behavior of interstellar molecular clouds, were ions are
formed due to photo-ionization or cosmic ray ionization.
Other field where ion-chemistry plays a relevant part is in development of the
early universe composition. As an example: although there are other possible
mechanisms, the associative detachment reaction H− + H→ H2 + e− is a strong
candidate through which the formation of H2 in the Universe can be explained.
Nevertheless, existing uncertainties with published values for the formation rate
of H2 varying within one order of magnitude is still an open question [glo06a,
glo06b].
These kind of reactions have also technological applications, such as in
temperature diagnostics in argon plasmas or cold environments [sch99, lin04,
ger08b]. They are also an excellent base for testing fundamental research the-
ories, as the numberless publications in ab initio calculations can testify for.
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1.2 The contribution of 22-pole trap technology
One important question to be answered, is how to measure such reactions,
with astrophysical interest, while closely simulating the conditions found in in-
terstellar clouds [ger92c]. This led to a need for low temperature and pressure
experiments, where complexes with very long lifetimes could be formed, and
stabilization via ternary collisions could be neglected as a competing process
to the radiative association. Differentiating between these processes means to
cover a wide density range.
Flow afterglow (FA) [nor66] and selected ion flow tube (SIFT) [ada76] tech-
niques are limited to their high pressure regime. Other limitation is the conden-
sation of the neutral species at low temperatures. The development of tech-
niques such as CRESU (Cine´tique de Re´action en Ecoulement Supersonique
Uniforme [row87]) or the free jet reactor [smi94, smi98] overcame this problem.
But here, the minimum reaction rate is limited by the drift or flight time.
With trapping methods, ions can be retained for reaction for a much longer
time, where ion cyclotron resonance (ICR) [mce89, dun90, mar98], and the Pen-
ning trap [bar84, lui85, bar86] play a relevant role. Still this last method is not
sensitive enough to measure rate coefficients for extremely slow processes, due
to uncertainties in the determination of the energy state of the neutral target
gas. Although rf quadrupole ion traps can be used for measuring ion-neutral
reactions [ved91], they still face problems in measuring low-energy association
processes, mainly due to rf heating, which is the coupling of the rf motion into
the random motion of the stored ions [blu89].
One solution is to use higher order field geometries, such as in the case
of the 22-pole trap (22PT). Fundamental principles of ion confinement in inho-
mogeneous radio frequency fields were thoroughly discussed in recent years
[ger92, ger95, ger08a]. Nowadays, the number and applications of 22PT have
been consistently broadened such as: study of reaction dynamics while inte-
grated with a beam of hydrogen atoms [bor09], laser induced reactions [sch05],
as an ion source for preparing cold ions for the electrostatic storage ring in
Aarhus or to cool H+3 ions for measuring state specific rate coefficients for dis-
sociative recombination, at the ion storage ring TSR in Heidelberg [kre05]. In
development stage is the next generation unit in the University of Tucson, where






The temperature T of an ideal gas is related to the average kinetic energy of the
atoms Ek in the system by Ek = 32kBT (kB - the Boltzmann constant), and were
the distribution of energies of the particles are given by the Maxwell-Boltzmann
distribution. The definition of the Kelvin temperature scale has already been
defined∗: the unit 1 Kelvin is based on the triple point of water leading to a
uncertainty of kB of 1.8 parts in 106 †. It is interesting to note that this definition is
not a closed subject. It is expected in the next years for the Boltzmann constant
kB to be fixed, and temperature scale will be defined through the energy kBT
[fell06]. Nevertheless, such precision is beyond the scope of this work, and the
present definition is perfectly suitable for our purposes.
1.3.2 Temperature under the influence of rf fields
Depending on the system, at a molecular or atomic scale, energy may be re-
ferred, rather than temperature. Energy has different contributions, such as in
the form of electronic, vibrational, rotational, or translational components. In the
specific case of trapped particles, the boundary conditions imply a quantization
of the translational degrees of freedom.
One example where the direct definition of temperature fails is in the laser
cooling of ions into an ordered Coulomb crystal [rot06]. Such a structure is
characteristic of a temperature in the sub-mK range, but the kinetic energies as-
sociated with the fast coherent motion due to the trap rf fields, where the ions are
confined, are up to 7 orders of magnitude higher [sch00]. The low temperature
is in accordance with the observation of the phase transition, and the Doppler
width, as long as the laser is set perpendicular to the secular motion. But in the
case of a collision between this ensemble of ions and a cold neutral target, the
mean translational energy will correspond to a high temperature value, with the
mean translational energy able to correspond to thousands of K [ger08a]. This
problems are of special importance since at low collision energies, a collision
complex tends to use the energy from all available degrees of freedom.
1.3.3 Temperature in a 22PT
One needs to know the reaction temperature when dealing with ion chemistry
measurements. In the more specific case of rf traps the problem focuses on
knowing the ions real temperatures and efficiently cooling them down. The same
∗Comite´ International des Poids et Mesures, 94th meeting (October 2005), p 235
†Recommended by the Committee on Data for Science and Technology (CODATA) [moh05].
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applies to the target gas. Therefore, there is the need for development of proper
methods for cooling and temperature measurement.
Thermalization and cooling of ions
In many experimental setups, cooling of ions is based on thermalization via
buffer gas. Still, long storage times or many collisions may lead to equilibrium
conditions, but not necessarily to the same temperature as the one from the
buffer gas, or even to the one related to the black-body radiation field penetrat-
ing the ion cloud. Paul-traps are known for what is denominated as rf heating:
ion-neutral collisions leading to a transfer of energy from the radio-frequency
field to the ions. Here, the ion mean energy will tend to be higher when com-
paring with the neutral gas. This fact can be tested using reactions with suitable
endothermicities. Also to take into to consideration, is the possibility of ions ac-
quiring undesired micromotion (i.e. driven from the rf field), with several adverse
effects (e.g. alterations of atomic transition line shapes, or limited confinement
time in the absence of adequate cooling [ber98]).
Fortunately, this heating process can be almost neglected if experiments are
carried on in traps with a wide field free region (such as ring electrodes [bah69]
or 22-pole geometry), as shown by numerical simulations [pau94]. Collision
between ions and buffer gas will happen mostly within the field-free region, as
long as the ions are restrained by a wide, flat potential, with very steep repulsive
walls.
In the case of larger molecules, there is an increase of the number of degrees
of freedom to take in to consideration. This leads to an increased difficulty
in cooling all these degrees down [row08]. This is the case of cooling down
large biological molecules to a few K or below. Cooling of such ions is of large
interest for studies of radiation damage of bio-molecules. It has relevance not
only to structure and dynamics, related to the function of proteins, but also to the
possibility to study effects of conformation changes as functions of temperature
and (small) numbers of solvent ions.
It is expected, in an ideal situation, that trapped ions and buffer gas reach
thermal equilibrium at a common temperature T , determined by the surrounding
walls. In reality, translational temperature of the trapped ions and buffer gas tend
to disagree. Nevertheless, if one approximates both ensembles by maxwellian
functions with respective temperatures T1 and T2, then the collision temperature
T is related to the mass weighted average of T1 and T2 by:
T = (m1T2 + m2T1)/(m1 + m2). (1.1)
By allowing both ions and buffer gas molecules sufficient time to collide, it
will be the collision temperature T to determine the internal temperatures of
the stored ions, and not its initial translational temperature T1. As a conse-
quence, it is possible to efficiently cool down internal degrees of ions although
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they are translationally hot, providing that the mass of the buffer gas is chosen
to be smaller than the ions, and time is given for sufficient collisions to happen.
Among other examples, is the work presented by Wang et al. where C+60 ions
were cooled down to T = 15.5 K [wan05b]. The cooling efficiency through the
use of buffer gas, and in comparison with other methods, such as laser cooling,
has been recently and thoroughly discussed ([ger08b] and references therein).
Different ways to obtain a cold target gas
There are several options concerning the cooling of a neutral target gas. The
first we make reference to is based on thermalization through collisions with
surrounding walls. If in addition, one can make use of a cooling system such
as cryogenic cooling, temperature dependent rates studies can be performed.
As an example, such a setup was used to study a variety of ion-molecule reac-
tions of interstellar interest, namely the chain of H-atom abstraction reactions,
starting with the ion-molecule reaction N+ + H2 → NH+ + H and ending with
NH+3 + H2 → NH+4 + H, along with its deuterated analogue. Coefficients have
been determined at temperatures between 15 and 300 K [ger93]. Other study
was presented, were reactions of methane cations CH+4 with H2, HD and D2 (15
to 300 K temperature range) were measured [asv04a].
Other approach is to take advantage of trap’s high sensitivity, in such way
that at lower temperatures, the resulting vapour pressure is sufficiently high in
order to allow measurements to be made [ger08a].
It is also possible to measure reaction rates based on atomic beam [bor08].
Results become different if the target gas beam is used instead of leaking the
gas directly into the trap. In contrast to the homogeneous density in the trap,
the beam diameter is smaller than the diameter of the ion cloud. In this case
one has to characterize the flux and shape of the neutral beam or one uses a
known chemical reaction for calibration purposes [luc05, bor09]. An interesting
question is to know to what point all these methods and techniques applied to a
22PT apparatus agree with each other, when used on a single system. Section
4.3.2 will address this issue.
How to measure ions temperature
Several methods can be used or are under development in order to characterize
the temperature of stored ions. One option is based on known temperature
dependencies of collision processes such as weakly endothermic reactions or
radiative association. This is the case of the direct use of a standard buffer gas
helium in the reaction: He+ + 2He → He+2 + He [ger92]. Measurements were
made on a selected ion drift tube, ranging from 30 to 300 K [boh83], down to
10 K in a 22PT ([He] ≈ 1014 cm−3) [ger08a]. The temperature dependence
for ternary association reaction rate was fitted with the function: k3 = 1.4 ×
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10−31(300 K/T )0.6 cm6 s−1. This can be the base for temperature calibration
above 10 K. Below this value, caution has to be taken due to interference of
several effects: separation of ion temperature, density of the neutrals and the
temperature dependence of the ternary association reaction. Also possible, is
chemical probing with H2. The reaction C2H+2 + H2 → C2H+3 + H strongly depends
on the ion temperature [ger94a].
Several other processes have been proposed, like following the production
of He − N+2, a well-studied, weakly bound (12.5 meV) van der Waals molecule
[pau94]. In this case it is possible by laser induced fragmentation of the van der
Waals bond, to determine rotational temperatures. Other proposal is the combi-
nation of sub-K trapping with the GHz and THz techniques. Cold molecular ions
such as CO+, deuterated variants of H+3, or CH
+
5 are ideal test cases due to their
rotational transitions [ger09a]. Suitable reactions or absorption spectroscopy
could be used in their study.
Translational temperature of the ion cloud can also be determined, based
on in situ determination of translational distributions (Doppler profile), once the
spectral resolution is high enough [sch99]. Due to a slightly endothermic (179
meV) laser induced charge transfer N+2 + Ar→ Ar+ + N2, photoabsorption can be
detected [pau93]. As ideal candidate, N+2 can be used because it can be excited
with cheap but narrow bandwidth laser-diodes. Accomplished with success,
this process consists in filling the ion trap with some Ar target gas. Unfortu-
nately, condensation has been limiting the temperature range to stay above 35
K. For lower temperatures, the machine has to be integrated with skimmed Ar
beam. In this context, Chapter 4 is dedicated to the study of the (Ar-N2)+ sys-
tem. Measurements were made, based on several methods, including the use
of an effusive beam for the reverse reaction: Ar+ + N2 → N+2 + Ar.
1.4 Thermodynamical equilibrium
Thermodynamical equilibrium (TDE) is said to be achieved when a system is
in mechanical, thermal and chemical equilibrium. Mechanical equilibrium is
reached when the sum of all external forces is zero, and the sum of the moments
of all external forces about any line is zero. Thermal equilibrium is achieved
when there is no energy exchange between two systems in thermal contact with
each other. In chemical process, equilibrium refers to the state where both re-
actants and products are present but have no further tendency to undergo net
change. According to the kinetic gas theory, and neglecting quantum effects or
non-relativistic speeds, all degrees of freedom of an ideal gas close or in a ther-
modynamic equilibrium can be described by Maxwell-Boltzmann distributions.
This outcome allows a single value of an intensive parameters such as tem-
perature and pressure to be attributed to the whole system. Very important is
the fact that TDE is characterized by a minimum in thermodynamic potential
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such as, in the case of a system at constant pressure and temperature, the
Gibbs free energy (G):
G = H − TS,
(where T is temperature, S entropy, and H is enthalpy of the system) [atk02].
This fact allows the determination of a reaction enthalpy and entropy as it will be
shown in Chapter 3.
The process leading to a TDE is referred as thermalization, such as a sys-
tem of interacting particles that is left unperturbed by exterior influences. They
will interact and share among themselves the available energy and reach a
state where the statistical distributions are constant in time. By describing a
gas through a Maxwellian velocity distribution, this indicates that there was a
sufficiently high number of elastic collisions, so that this equilibrium could be
established.
1.4.1 TDE in interstellar medium
Since one the applications of the 22PT is in interstellar chemistry, one can ask
if such suppositions, for the existence of TDE, can be applied in astrophysical
conditions.
If radiation is emitted from a source in conditions of thermodynamic equi-
librium, then temperature can be derived from spectral observations. When
attributing a temperature to a certain location in space, this temperature is actu-
ally the one corresponding to the observed Maxwell-Boltzmann distribution, but
corresponds to the assumption that the observed system is in TDE.
Problems arise if one wants to look at molecular composition, ionization,
and excitation states of the gas [flo07]. The excitation, ionization, and molecular
composition are often very different from TDE values at this temperature. This
is mainly a consequence derived from the low pressures existing in interstel-
lar medium (ISM). In reality, the observed interstellar radiation field is normally
below the value which would be expected if in TDE. The expected thermaliz-
ing collisions between particles are not in sufficient number to compete with
the faster radiative decay rates at atomic and molecular levels. Besides other
factors, a constant presence of ≈ 100 MeV cosmic-ray particles keeps the ion-
ization and chemical composition away from their expected equilibrium values
[tie05].
One example, is the fact that in thermodynamic equilibrium the several en-
ergetic states should be described according to Boltzmann distributions. Nev-
ertheless, is known that, ortho- and para-H2 states population is not changed
under such conditions [tro09].
A second example is the conversion of hydrogen and carbon monoxide into
methane and water, as Klemperer [kle06] illustrates. Approximately 500 orders
of magnitude differs between what is observed in ISM and the expected equilib-
rium ratio for CO+3H2 ⇔ CH4 +H2O predicted by thermodynamics. These facts
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leads, in certain circumstances, to relegate thermally averaged rate coefficients
to a second plan, in favour of cold state specific cross sections studies.
1.4.2 Experimental determination of TDE
Although, the importance of TDE in interstellar medium is relatively small, as
aforementioned, it is of high importance in other fields of research. Bond en-
ergies such as proton affinities can be derived from thermodynamic equilibrium
measurements. They have an important role in describing chemical reactions,
with applications ranging from synthetic to material chemistry, from atmospheric
to combustion modelling or good tests for empirical and ab initio theories of elec-
tronic structure [ber94]. Several were the different laboratory approaches (e.g.
FA or SIFT) and methodologies (direct or indirect measurement) with published
work dedicated to this topic ([hun98] and references therein).
As already discussed, the assumptions to achieve ideal TDE are well de-
fined. By transposing such conditions to a experimental point of view, it was
argued by Paul and Gerlich that, if the attenuation rate for both primary ions
and products becomes time independent, than one can assume that equilibrium
conditions have been attained [pau94]. Chapter 3 will be dedicated to this issue,
based on measurements and comparison with theoretical and experimental re-
sults obtained by other groups. The fact that temperatures can be easily varied,
will allow us to obtain information about the enthalpy and entropy based on the
equilibrium constant K (T ). Results indicate that relative TDE is achieved in a
22PT. Neutral gases pressures are maintained constant, a ratio between the
ions is time independent, and if rf heating effects are minimized, ions and target






The development of ion trap setups for studying ion-atom or ion-molecule reac-
tions began in the 50’s . The Paul trap [pau53], the Ion Cyclotron Resonance
Cell (ICR) [mar98] or the Penning Ion Trap [lui85] are examples of this develop-
ment. In the late 80’s, Gerlich and colleagues presented a combination of an
ion source, a mass filter, an rf ion trap, a quadrupole mass spectrometer, and
an ion detector [ger92c, ger95].
This present work of is based on an highly versatile apparatus, having as
a center unit a 22-pole trap (22PT). Measurements were made by coupling a
N2 Cold Effusive Beam (CEB)∗. In its whole, this setup has been denominated
CEB-22PT. Since rf-trap based apparatus have already been described in the
literature [ger95, asv04a, sav05b, ger08a, meh09], only a brief description of
the several units and measuring procedures from our setup will be presented
here.
The CEB-22PT is depicted as a schematic drawing in Fig. 2.1. Generally the
functioning principles of this family of ion trapping machines can be described
as follows: a set of ions is generated in the ion source and selected in a first
quadrupole mass spectrometer (QPI). Using a quadrupole bender, the primary
ions are guided into the 22PT where they are trapped. During trapping, trans-
lational and internal degrees of freedom are cooled down to the temperature of
the trap walls via inelastic collisions with buffer gas (usually helium is used due
to its high efficiency and low reactivity). The neutral gas which is to react with
the ions (target gas), can be leaked into the trap through a direct gas inlet and
in the present case, in the form of a Cold Effusive Beam. During a given storage
time, the reactions between the produced ions and neutral gases take place.
The remaining primary and the product ions are then extracted, mass analyzed
in the second quadrupole spectrometer (QPII), detected, and finally counted.
∗ For an updated description of the CEB please refer to [meh09]
19
General concepts
Fig. 2.1: Scheme of the CEB-22PT machine where the modules are: a source for ion
production (lower part), a first quadrupole mass filter (QPI) for primary ion se-
lection, a 22PT rf based ion trap where the ion-neutral gas reactions take place
(center), followed by a second quadrupole (QPII). A Daly detector is used for an-
alyzing the ions (not observed in the figure). The Cold Effusive Beam is located
on the left side.




In Fig. 2.2 a more detailed drawing of the CEB-22PT apparatus can be seen.
A limitation to low temperature ion traps experiments can be condensation of the
neutral species on the walls. One way to overcome this situation is the addition
of the Cold Effusive Beam to the previous 22PT setup. This is due to the capa-
bility of creating a slow beam of neutrals and, of special interest, of condensable
gases, allowing a more broadened range towards lower temperatures studies.
A deeper description of the CEB is presented in Sec. 2.4.
2.2 Vacuum system
If one intends to study gas phase reactions it is of fundamental importance to
have a good ultra high vacuum (UHV) system. Impurities or high pressure may
lead to discharges or malfunctions in the equipment and most important, sec-
ondary reactions with background are to be avoided or at least minimized. Oth-
erwise, reactions with air constituents like water, molecular nitrogen or oxygen
normally make it impossible to correctly isolate and determine the character-
istics of the reaction to be studied in the first place. Therefore leaks or gas
desorption from walls must be avoided.
The vacuum chambers are based on standard UHV stainless steel cham-
bers with ConFlat flanges and separated by differential walls. Please refer to
Appendix B for a schematic drawing of the CEB-22PT vacuum system (Fig.
B.1) and to nominal values of vacuum pumps used during our experiments
(Tab. B.1). There are 6 main pumping lines. The CEB and the beam catcher
chambers can be isolated from the central part of the machine through manual
valves. Each of the vacuum lines is composed normally of three stages: a first
stage of turbomolecular pumps (Pfeiffer TPU 2200 for the CEB chamber and
magnetically suspended turbo pumps Leybold T340M for the remaining ones),
and backed by: turbo-molecular pump Pfeiffer TPU 240 or drag pumps Pfeiffer
TPD011, and finally as a last stage, a rotary pump Pfeiffer DUO016B, a Dry
scroll SH-110 or a diaphragm pumps Pfeiffer MVP015. During the selection of
the pumps, care was taken in order achieve sufficient compression for hydro-
gen and to avoid possible oil contamination. Several sensors (Balzers TPR-010
Pirani Gauge) were used in order control pressures in the pumping system.
Calibrated ion gauges (Huntington TK 150 and more recently SRS Nude-
UHV Gauge with operating pressures ranging from 10−4 to 10−13 mbar) were
used to monitor the pressures in the chambers. The settings of the ion gauges
had, in our specific case, a sensitivity of 19 mbar−1 and an emission current
of 0.1 mA. The calibration was done with an absolute pressure spinning rotor
gauge (MKS SRG2). Due to the working principles of the last one, where the
decay of frequency of a magnetically suspended spinning sphere is measured
due to friction with its surroundings, special care has to be taken in order to de-
couple unwanted vibrations, mainly originated in the vacuum pumping system.
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At our laboratory, it was reached an accuracy of 5 %. The MKS SRG2 is advised
to be used only for pressures above 10−7 mbar.
As observed in Fig. 2.3, the calibration procedure consists in plotting the
absolute pressure values of the spinning rotor gauge (PXX ) vs. the one from
the ion gauge PIG for a given gas at room temperature in a specific chamber,
and fitting the data with the linear function P = C PIG where C is the calibration
factor. The linearity of both instruments provides a straight forward calibration
and pressure values are obtained through extrapolation to the lower pressure
regime suitable for our experimental purposes.
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Fig. 2.3: Calibration of the 22PT ion gauge (SRS Nude-UHV) with the absolute pressure
rotor gauge (MKS SRG2) for Ar, CH4 and CO2 gases corresponding to a cal-
ibration factor (C) of 36, 31 and 38, respectively. These relatively high factors
are related to the fact that, in the case of the 22PT chamber, the MKS was con-
nect directly to the interior of the trap using a flexible stainless steal tube, while
the ion gauge is located outside, measuring the pressure on the chamber.
2.3 The 22-pole ion trap apparatus
2.3.1 Principles of rf technology
In a linear 2n-pole, the potential Φ is given by:
Φ(r ,φ) = Φ0rˆ n cos(nφ) (2.1)
where Φ0 = U0 − V0 cosΩt is the applied dc and rf potential, 2n is the number
of poles, and rˆ = r/r0 is the reduced radius, where r0 is the inner radius of
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the multipole. In standard applications one operates a multipole “rf-only”, with
U0 = 0. By satisfying the condition that the angular frequency Ω is high enough,
the resulting force can be described by the so called effective potential (V ∗), and
in the case of a multipole:
V ∗ = n2/4(qV0)2/(mΩ2r 20 )rˆ
2n−2, (2.2)
Fig. 2.4: Radial dependence of the normalized
effective potentials of a 4 and 22 lin-
ear pole trap, with a large number of
electrodes tending to a box potential
[ger08a].
where m is the mass, and q is the
charge of the particle. The r de-
pendence of the effective potential for
two electrode arrangements are com-
pared in fig. 2.4.
It can be observed that the effec-
tive potential of the 22-pole, which is
proportional to r 20 is steeper than in
the quadrupole. It results in a wider
near field-free region while comparing
to the harmonic effective potential of
the rf quadrupole, minimizing the un-
desired rf heating effect.
Due the fact that ions are re-
strained in the radial direction by V ∗,
ions become trapped if DC potentials
are applied at the entrance and exit of the multipole, restraining their move-
ments along the axis. By introducing quantified amounts of neutral gases in to
the trap, reactions can be studied by following in time the primary and product
ions concentrations.
2.3.2 The ion source
Fig. 2.5: Ion source.
Primary ions are produced in the rf stor-
age ion source (SIS) shown in Fig. 2.5,
by means of electron bombardment of a
precursor gas. The principles have al-
ready been well described [ger92].
The ion source is based on a sym-
metric geometry design, with two fil-
aments (rhenium - 0.3 mm) for con-
trol purposes, with a high ion produc-
tion efficiency geometry. The double-H-
shaped storage volume is formed by a set of 8 molybdenum plates alternately
connected to the two phases of an 4.98 MHz rf generator, while being confined
in the outer bounds (end plates) by an applied DC voltage and an exit lens (B0).
The electron beam emitted by the filament goes through a slit in each plate and
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crosses through the ionization region, interacting with the precursor gas. Pres-
sure inside the SIS is relatively low, around 10−6 mbar. Furthermore, there is
still the possibility for it to work in a continuous or pulsed mode by respectively
setting a fixed or a pulsed DC voltage to the exit electrode.
This kind of ion source has several advantages such as high collection effi-
ciency and controlled accumulation of ions. Furthermore, the SIS has distinct
separation between the ionization and the exit regions. This allows thermaliza-
tion by inelastic collisions (typically to the SIS temperature, 350 to 450 K) and
chemi-ionization due to secondary reactions. This last property allows the pro-
duction of ions which cannot be obtained directly by electron impact such as
CH+5. Pressure and composition of the precursor gas along with rf and trap-
ping potentials applied to the SIS allows a wide range of choices for the pro-
duced ions. The precursor gas pressure and mixture influences the kind of ions
produced, while setting potentials, allows to a certain extent, to search for a
narrower energy distribution, to control the degree of ionization or even have
influence over the energy population distribution of the produced ions.
2.3.3 Operation of the quadrupoles
Fig. 2.6: Quadrupole mass spectrometer used
for the selection of the ions before de-
tection (QPII).
The description and use of quadru-
poles, specially in the mass spec-
troscopy field, have been thoroughly
and widely described in a large num-
ber of publications [daw76, mar89,
ger92]. Therefore only a few remarks
are made here.
In the CEB-22PT, two quadrupole
mass filters are used. The first
one (QPI), right after the storage ion
source, filters out the primary ions. It
is driven by a self-built 1.37 MHz rf
power supply, with four rods 245 mm
long and half-circle shape (deff = 10
mm), forming an inner circle of a ra-
dius r0 = 4.35mm. A potential of the
form + [U0 − V0 cos(Ωt)] is applied to
two opposite rods while the remain-
ing two are connected to the nega-
tive of the same potential (U0 is the
DC-voltage, V0 the amplitude of the rf
voltage, Ω = 2pif is the angular fre-
quency and t is the time).
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The exact solution for the equation of motion of an ion moving in a quadrupole
is found based on the well-know Mathieu differential equation [daw76]. By defin-









it is possible to construct a stability diagram (Fig. 2.7), where several working
conditions (unstable, mass selective and low-mass band-pass modes) are easily
recognized.
In an operating condition, where the stability parameters a2 and q2 lead to
a point of operation within the triangle area, the ions trajectories subjected to
the quadrupole field are stable. Thus, the ions will pass through the quadrupole.
Otherwise, standing outside the stability diagram, their oscillations become wider
and broader. Ions will be lost due to collisions with the rods.
Fig. 2.7: Stability diagram (—) and experimental data for Ar+ () taken for the first
quadrupole (4 half-moon shape rods with effective diameter of 10 mm, r0 =
4.35 mm, 245 mm long, at f = 1.37 MHz).
There are two modes of operation. On the one hand, mass selective mode,
where (a2, q2) ≈(0.237,0.706), situated on the tip of the stability diagram leads to
a high mass resolution. This mode of operation is well suited for mass analysis.
On the other end, low-mass band pass mode, by setting q2 < 0.3, gives rise to
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an ion beam with a narrow energy distribution, because it operates in the region
where the kinetic energy is an adiabatic constant of the motion. All the ions





are able to move through the quadrupole.
As an example of the quadrupole working conditions, experimental points
which correspond to a 80 % loss of the ion current in the first quadrupole output,
can be seen in Fig. 2.7. Measurements were done by fixing one value for V0
and therefore correspondent q2, and by varying U0 which is related to a2, until
a loss of 80 % would be observed in the output ion current of the quadrupole.
Experimental results show a good agreement with the theory.
The second quadrupole (QPII) seen on Fig. 2.6 is located at the exit of the
22PT and works mainly in the mass-selective mode, thus used for a selection
of specific ions before their detection. It is driven by a commercial 1.637 MHz rf
power supply (BALZERS rf generator QMH510 and control unit QHS511), with
260 mm rods long, a full circle shape with a diameter of d = 18 mm and inner
circle of radius r0 = 7.84 mm.
2.3.4 The 22-pole trap
Fig. 2.8: Photograph of the 22PT without the
cover. 22 stainless steel rods in a 1
cm circle radius disposition are shown.
The surrounding walls are made in
copper.
Trapping of ions in inhomogeneous
rf fields is well established and thor-
oughly documented in the literature
[ger92, ger94].
22 stainless steel rods of 1 mm
diameter are parallel and mounted
over a circle of 1 cm diameter (Fig.
2.8). These rods are alternatively con-
nected to a rf two phases power sup-
ply restraining the movements of the
ions in the radial direction. Electro-
static fields, given by a set of entrance
and output lenses, confine the ions in
the axial direction.
As an example, if one uses CO+2
ions, and according to the standard
formulation [ger92], by applying an rf
voltage with frequency f = 15.86 MHz and rf amplitude V0 = 50 V, an effective
potential (Eq. 2.2) of V ∗ = 0.668 eV is created with a correspondent stability
parameter of η(r = r0) = 0.097.
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Stored ions are able to move within a region in radial direction. Considering
a transverse energy of 10 meV, the turning radius becomes 0.8 r0, meaning the
ions are allowed to circulate over an 4 mm radius cylindrical area. The wide field
nearly free region created by the arrangement of the 22-pole rods provides short
interaction with the rf-wall. Ions move without any acceleration by the electrical
field during a relatively long time, comparing with the time needed to collide
against a neutral molecule.
Satisfying an adiabaticity condition [ger92], storing of singly charged ions
with masses ranging from 17 to 45 at 300 K is possible without any significant
losses in time scales of seconds. The praxis shows, that in similar trapping
device two ions with masses different by factor of ≈ 60 can be trapped simulta-
neously [luc01].
The 22PT is surrounded by copper walls and mounted on a cold head of
close-cycled helium refrigerator (Leybold RGD 210 with compressor RW2/3), so
that its temperature can be varied between 10 and 300 K. From an experimental
point of view, cautions have to be taken for the lower temperatures to avoid
condensation of the neutral gases on the walls of the 22PT.
In order to study low temperature reactions, not only a cold environment of
the 22PT is sufficient but an effective connection between trapped ions and cold
walls is necessary. The rate of cooling has to be much faster than the rate of
reactive collisions after ion injection. The translational and internal degrees of
freedom of the ions are coupled to the cold environment by inelastic collisions,
normally with helium. In some cases, reactant gases may also be used for
cooling.
The buffer gas can be introduced into the trap in a continuous mode or in a
synchronized pulsed mode. In the case of continuous mode, the buffer gas num-
ber density is limited by non-destructive ion extraction and their mass analysis.
The pulsed mode is possible due to a piezo valve developed in our laboratories,
with standard operation number density of 1013 cm−3. This number density, a
few orders of magnitude higher than those of the primary ions, allows a collision
rate to be in the order of 104 collisions per second. Effective cooling of the ions
is achieved in a few ms.
2.3.5 The Daly detector
As already described in Sec. 2.3.3, a quadrupole is located at the exit of the
22PT. By a standard procedure, ions are filtered and guided to the detection
area, where a Daly-type detector [dal60] is used (Fig. 2.2 on the far right). Ions
are focused and projected onto a perpendicular stainless steel converter (door
knob) which is set to -30 kV. Due to the ions collision on to the surface of the
door knob, secondary electrons are expelled and accelerated in opposite direc-
tion, against a grounded scintillator located on a 40 CF Quartz window. Thus,
after colliding with the scintillator, electrons originate photons. After they pass
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through a glass window, the photons are detected in the exterior at atmospheric
pressure, being this one important aspect in this kind of detector. A photo-
multiplier, a Phillips Scientific 300 MHz discriminator and a 100 MHz counter
conclude the detection unit.
In order to determine the detection efficiency, the Pulse High Distributions
(PHD) was measured for CH5 and HCO2 (see Fig. 2.9 below). The final discrim-
ination potential was then set to be 155 mV, allowing less then one count per
second for the background. It is also possible to confirm that, with this settings,
the detection efficiency for both ions is similar (approximately 90%).
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Fig. 2.9: Pulse high distributions for background and a) HCO+2 and b) CH
+
5 . Background
(—), ions plus background (– – –) and ions signal (· · · ). Voltage applied to the
photomultiplier 2.2 kV, and channel width is 20 mV. For a 90% of the ion signal
have a correspondent background signal of a) 0.9% at 146 mV for HCO+2 and
b) 2% at 166 mV for CH+5 (– · –). After setting the threshold at 155 mV, it was
obtained for the background less then one count per second.
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2.3.6 Automation and data acquisition
Besides ion counting, ion gauge pressures from the several chambers (Hunt-
ington or SRS nude or glass tubulated gauges), gas inlet pressures (Swagelok
PTU-F-AC3-32AH) or temperatures (K type thermocouples or Lakeshore DT-
470 Silicon Diodes) among others, parameters had to be measured and reg-
istered. Furthermore, for measurements, control over experimental settings,
such as frequency and lenses potentials, and mechanical shutters, all had to be
done in parallel. While ion gauge signals were collected in control panels (Arun
Microelectronics models PGC2 and NGC2), the remain of the other sensors
were collected in a Keithley Model 7001. Communication with the controlling
computer was done initially by RS232 connection, and more recently, through
Ethernet connection. In order to automatize all this data acquisition, monitoring
scripts were created based on the National Instruments Labview program.
2.3.7 Working conditions and advantages of the 22-pole ion
trap technology
The 22-pole ion trap technology is characterized by: modular construction, there-
fore, very flexible in its applications; ion trapping temporal control over 10 s;
large gas density range (108 to 1016 cm−3); various methods for the target gas
to be introduced into the trap (e.g. leaked from high pressure source, pulsed, or
through molecular beams). The 22PT technique has a broad thermal window
available (approximately between 1 and 40 meV, with expected broadening of
the range in the next generations), and multiple detection choices available. The
combination of a temperature-variable rf 22-pole ion trap with single ion count-
ing detection has led to the extension of the range over which reaction rate
coefficients can be examined. By choosing a suitable combination of target gas
number density and trapping time, the rates of rather fast as well as very slow
reactions can be measured [ger95]. Contrary to the FA and SIFT experiments,
the rf ion trap allows radiative as well as ternary association rate coefficients to
be measured under identical experimental conditions, simply allowing the target
gas density to vary. Several experiments have showed that a variety of studies
can be made, if the 22-pole trap technology is combined with other modules or
tools.
2.3.8 Measuring procedure
In order to diminish statistical error, a measurement sequence is repeated, de-
pending on several parameters, at frequencies between 0.1 and 100 Hz. It
starts with ion extraction from the storage ion source, followed by their mass
selection in a first quadrupole, deflection by 90° in a quadrupole bender static
field and injection into the 22PT. By closing the input and output gate electrodes
29
The 22-pole ion trap apparatus
the ions are trapped (approximately 1000 ions per filling) and undergo collisions
with buffer and reactive gas particles. The target gas can be introduced into the
22PT or in the form of a CEB. The trapped ions are then subject to variations in
its number composition or proprieties due to several causes: relaxation; reac-
tions with gases which are present in the trap (e.g. target gas or simply back-
ground like H2O); or even losses due to inappropriate trapping field in the trap
or reactions leading to undetected masses. To follow the temporal changes of
the ion cloud, after a well determined and consecutive trapping time, all ions are
extracted through the exit lens electrode, mass analyzed in quadrupole mass
filter and detected/counted by a Daly detector.
Constant temperature rate and densities determination
In the case of a simple ion-neutral binary reaction: A+ + B ⇒ C+ + D, and
considering charge conservation, it leads to a time (t) dependent functions of
the ion quantities [A+] and [C+]:
[A+] = [A+]0 e−k [B]t
[C+] = [A+]0 (1− e−k [B]t ) (2.5)
where [A+]0 is its initial number density, k is the reaction rate coefficient, [B] is
the number density of the neutral gas. After collecting the data, rate coefficients
or number densities are determined when ion curves are fitted with the ade-
quate coupled rate equations system. In such a simple reaction, it is expected
the exponential decay of the primary ions with the correspondent increase of
product ions, while the overall ion sum remaining constant. Inert gases or even
the target gas may be used as buffer gas. This leads to a simplification of the
number of coupled equations to be used in order to define a system. Secondary
reactions or background reactions tend to increase the degree of complexity of
a system, as can be observed in Fig. 4.6. In such cases, a program is used for
fitting the overall reaction system.
Absolute pressures of gases in the 22PT are known based on the use of
calibrated ion gauges, already mentioned in Sec. 2.2. In this particular case,
since the ion gauges are not directly connected to the 22PT, and due to the
possibility of varying its temperature, the number density n is known by making
use of the relation [ger92]:
n = 4.2× 1017 C PIG22PT√
T22PT
cm−3 (2.6)
where C is the calibration factor, PIG22PT is the pressure indicated by the ion
gauge (mbar) and T22PT is the temperature of the 22PT walls in K. The determi-
nation of the absolute number in this procedure has been estimated to have an




It was detected the existence of a non-temperature dependence discrimination
factor (αd ) between different masses. This problem was thought to be connected
with the quadrupole mass filter unit, located at the exit of the 22PT (although
presently, the hypothesis that the origin of this miss behavior is related to the
exit electrode of the 22PT, seems to be more probable).
Several attempts were made to overcome this misbehavior such as removing
the quadrupole rods and cleaning them, or setting different potentials for the
focusing lenses located in the exit of the quadrupole. Unfortunately it was not
possible to totally overcome this undesired effect. After assuring that there was
no uncommon loss of ions or generation of higher masses (at least, until masses
lower than 150 u) during reaction time, the procedure followed was based on
defining the relative discrimination for the different masses based on ion number
conservation.























  not corrected
(a)
Fig. 2.10: a) Determination of the discrimination factor for the HCO+2 + CH4 reaction
(T22PT = 255 K). The HCO
+
2 are multiplied with a constant factor αd and the
sum of all ions becomes constant. b) The discrimination factor for the same
reaction is considered to be constant for a temperature range of 120 to 300 K,
with an average value of αd = 2.9 ± 0.3.
In the example given for the HCO+2 + CH4 reaction (Fig. 2.10 (a)), the mass
correction is assured by multiplying HCO+2 ions with αd = 3, so that the sum of all
ions (HCO+2 and CH
+
5) gives a constant value during the reaction time. Several
measurements for a temperature range of 120 to 300 K were done for this sys-
tem and the final result gave a value of αd = 2.9 ± 0.3, which can be observed
in Fig. 2.10 (b). Similar masses, with a small difference between mass num-
ber, such as H2O+ and H3O+ or CH
+
5 are considered to have no discrimination
between each other.
The same procedure was done for the Ar+ and N+2 ions. In this case the
correction had the value αd = 2.5 ± 0.3. From this point on all results will be
presented in their corrected form.
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2.3.9 The He+ + N2 reaction.
The He+ + N2 was used as a test reaction, and later on, the N2 number density
in the cold effusive beam (Sec. 2.4.2) will be determined based on this same
reaction. With several studies already published [bol70, row85, woo07], the
branching of this reaction is well known [ada76]:
He+ + N2 → N+ + N + He (60%)
→ N+2 + He (40%), (2.7)
but the purpose of this work was mainly to define a fast and reliable way to
determine the N2 density. The overall decay of the primary ions was, in this
case, sufficient.
For obtaining the rate coefficients, the neutral reactant was leaked directly
into the trap with a temperature range T22PT between 80 and 300 K. A typical
measurement is shown in Fig. 2.11 for a trap temperature of T22PT = 175 K,
where the exponential decay of the primary ions is observed. The resulting rate
coefficients are shown in Fig. 2.12 as a function of T22PT .
An ion-non-polar neutral interaction is dominated by the charge-induced dipole






where the units of kL are 10−10 cm3 s−1, αN2 = 1.7403 A˚ is the N2 neutral po-
larizability which is just slightly temperature dependent [lin05], and µHe+N2 = 3.5
amu is the reactant reduced mass. In the present case kL = 1.7× 10−9 cm3 s−1,
is the value which is actually reached within the error bars. Our values are
also, in agreement with previous measurements, obtained by other groups and
techniques [row85, ada76, bie76].
Inspection of Fig. 2.12 reveals a slight negative slope in the temperature rate
dependence:
k (T ) = −2.0× 10−12 K−1 cm3 s−1 × T/K + 2.0× 10−9 cm3 s−1. (2.9)
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Fig. 2.11: He+ +N2 time dependence of primary ions at 175 K. Products are not detected.
This reaction will be used for N2 density calibration purposes. The solid line
represents the fit of the exponential decay leading to the rate coefficient k =
1.5×10−9 cm3 s−1.



















Fig. 2.12: A measured He+ + N2 temperature rate dependence between 80 and 300 K.
For comparison, previous published values are presented, which are based on
CRESU [row85], SIFT [ada76] and FA [bie76] techniques.
The nitrogen number density in the trap can now be determined, simply by
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letting it react with He+ and evaluating the rate measurements with the proper
rate coefficient, based on equation 2.9. By extrapolation, values which temper-
atures reside below the freezing point can also be estimated.
2.4 The Cold Effusive Beam
2.4.1 Theoretical basis
Recent results were obtained in our group, namely the introduction and char-
acterization of an H atom beam in conjugation with a 22PT [bor08]. Based on
such efforts, and on the pursue for constructing a Pulsed Effusive Beam Source
[ger08a], a cold effusive beam source (CEB) was added to the existing setup
(Fig. 2.2). The study of reactions at low energies (below 1 meV), specially with
condensable gases, gave rise to this new approach.
The basis of an effusive beam consists in allowing a gas to effuse through a
small aperture, from a closed to a evacuated chamber, while assuring a molec-
ular flow regime. This condition is normally described in terms of the Knudsen
number kn, which has to satisfy the condition kn ≥ 1, where kn = λ/D (λ being
the mean free path of the particles and D the diameter of the aperture). Meaning
that, gas particles move through the hole and within the beam without undergo-
ing collision. Such a condition is easily achieved by maintaining a low pressure
of the gas in the first chamber. The differential beam intensity I(θ), in function of
an angle θ relative to the forward direction of the beam, and into a solid angle
element dω is given by the cosine distribution:
I(θ) = n0A0νf (ν)cos(θ)dωdν, (2.10)
being n0 the source gas density, A0 the cross sectional area of the aperture. The
Maxwell-Boltzmann velocity distribution function f (ν) is given by:
f (ν)dν = pi−3/2ν2ζ−3e−(ν/ζ)
2
dν, (2.11)
where ζ = (2kBT0/m)1/2 is the corresponding most probable velocity of the par-
ticles of mass m, at the source temperature T0, with kB being the Boltzmann
constant. The beam peak intensity I(θ = 0) takes the form:
I(0) = φ0/pi particles s−1 sr, (2.12)
where φ0 = 1/4n0A0 〈ν〉 particles s−1 sr is the total flow rate through the orifice
and 〈ν〉 = (8kBT0/pim)1/2 is the average velocity of the particles with a tempera-
ture T0. By replacing the simple opening with a tube and relaxing the molecular
flow condition, the intensity in the forward direction is considerably increased.
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Taking into consideration the possibility of intermolecular collisions while inside









where σ = (
√
2λn)−1 and φt is the total flow rate [pau88, sin89].
Fig. 2.13: The cold effusive beam source. The temperature of the effusive beam is cou-
pled to the source due to wall collisions or desorption. The CEB source is
connected to a cold head closed-cycle helium refrigerator, and temperature
stabilization is based on a heating coil. A Si diode is used for temperature
control.
In our specific case, the CEB source can be described as a copper cold tube
coupled with a cold head closed-cycle helium refrigerator (Leibold RGD 210 with
compressor RW2/3), and a skimmer, a vapour/condensed phase equilibrium will
be reached finally. Based on Lide et al. [lid03], a partial pressure on the order
of 10−5 mbar at 30 K for N2 is expected. Large differential pumping capacity
is provided using several turbomolecular pumps and cryo-pumping, decreasing
the existent background signal.
2.4.2 Beam characterization: TOF and number density
Time of Flight measurements
The CEB source was coupled to a Time of Flight detection (TOF) system. A
mechanical chopper with two radial opposite slits (2 mm width) was mounted
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perpendicular to the molecular beam axis. The distance between the center of
the disc and the beam axis was 74 mm and with a rotating frequency ranging
between 30 Hz and 1 kHz and time resolution of 280 and 9 µs respectively).
Mounted at a fixed distance of 37 cm, the Extranuclear Ionizer (Fig. 2.14) ionizes
the neutral particles on the beam due to electron bombardment, and enables
their subsequent detection by the Daly detector.
Fig. 2.14: Schematic of the Extranuclear Ionizer used during time of flight measure-
ments. The several electrodes can be seen on the right side, while a sketch of
the filament is seen on the left.
Finally the outcome signal is collected and analysed by a Multichannel Scaler
(MCS-PCI PerkinElmer Instruments). The CEB, together with the detection sys-
tem can be seen in Fig. 2.15.
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Fig. 2.15: Setup for determining the velocity distribution of the CEB via TOF. A beam
is formed in the CEB source and goes through a Cryo pump before being
intercepted by the chopper. After a flight trajectory of 37 cm, the beam is
ionized by the Extranuclear ionizer and detected.
Fig. 2.16: Schematic drawing for the TOF triggering and detection. A green laser goes
through the slit of the chopper, on the opposite side of the beam, and is re-
flected back to be detected by a photodiode. The output signal of the pho-
todiode is used parallel in the 100 MHz counter, and used a trigger in the
Multichannel Scaler.
The triggering of the data acquisition with the chopper is accomplished based
on light barrier setup, schematically represented in Fig. 2.16. It consists in di-
recting a green laser through the second slit of the chopper, on the opposite
side of were the beam is located, and reflecting it back to be detected by a pho-
todiode. The output signal of the photodiode is used parallel in the 100 MHz
counter, and as trigger in the Multichannel Scaler.
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For a characterization of the CEB, velocity distributions have been recorded.
























where y is the intensity, C0 and C1 are constants, L = 37 cm is the path travelled
by the beam between the chopper and the detection, t is time, tdet is the detec-
tion time (explained below), m is the atomic mass, kB the Boltzmann constant,
Tfit is the fitted temperature and f is the rotating frequency of the chopper. The
last term enables us to account for overlapped TOF distributions due to too high
frequency of the chopper.
The detection time (tdet ), defined as the time between the beam ionization
and its detection in the Multichannel Scaler, was measured simply by leaking
a small continuous flow into the ionizer chamber, while momentaneously puls-
ing the ionizer grid potential from P0 = 0 to -5 V, leading to an absence of ion
production as can be observed in Fig. A.1 for several molecules.




















Tfit = (48 + 2) K
Fig. 2.17: TOF distributions for N2 molecules for TCEB = 233 K - (g) and 50 K - (a) with
correspondent Maxwell-Boltzmann distributions (full line) giving (233 ± 3) K
and (48 ± 2) K. It is also possible to observe in the left side a small 300 K
contribution in the 50 K beam.
In the N2 experiment (Fig. 2.17), the results are in good agreement with
the predicted distribution for a CEB source temperature of TCEB = 50 and 233
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K. A fourth term was later added to Eq. 2.15 in order to fit properly a second
distribution caused by non thermalized background contributions. Following the
same procedure, measurements were also made with D2. Once again, results
show that the beam temperature is in equilibrium with the CEB chamber (Fig.
A.2).
N2 number density in the CEB
To determine the number density in the beam, one has to use other method
besides the one already referred to in Sec. 2.3.8. When target gas is leaked
into the trap, molecules are equally distributed throughout all available space.
The molecular beam is localized along the 22PT axis, meaning, the effective
volume for the reaction and respective number of neutral molecules available
to react is indeed different. In this special case, after determining the N2 beam
translational energy as seen just above (Sec. 2.4.2), the chemical reaction -
He++ N2 - was used for number density calibration purposes.
Fig. 2.18 shows a set of data used for calibrating the N2 number density. In
this case, the CEB and the 22PT temperature were kept constants for a period of
5 hours at a temperature of TCEB = T22PT = 40 K. The measurement was done
in a continuous mode. The decay of He+ ions was followed during a defined
time interval ∆t = t2 − t1. A shutter located immediately before the 22PT would
automatically and synchronously for every second measurement cut the path
of the beam. In this way it was possible to follow the influence of the beam
presence on the He+ decay. According to the temperature rate dependence
presented in Eq. 2.9, 40 K temperature corresponds to a reaction rate k =
1.9×10−9 cm3 s−1. Finally one obtains the data in terms of N2 number densities





Measuring only with the background pressure (shutter closed), an average
value for the N2 number density of [N2]bg = 1.5 × 109 cm−3 was obtained, while
with the background and beam (shutter open) [N2]bgb = 1.0×109 cm−3. Subtrac-
tion of these two values gives out the beam number density [N2]b = 5×108 cm−3,
and considering the relative error between the two measurements and making
a conservative evaluation, we estimated a 30% average error.
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Fig. 2.18: [N2] beam measurement. TCEB = T22PT = 40 K and average number densities
for background and beam plus background are 1.5× 109 cm−3 and 1.0× 109
cm−3 , respectively. By subtraction the beam’s number density is therefore 5
× 108 cm−3, with an estimated error of 30 %.
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THE PROTON AFFINITY OF
METHANE
3.1 Introduction
The concept of bond energy, the energy changes associated with forming or
breaking bonds between atoms, is well known among molecule synthetic chem-
ists and material scientists. It has been be used for testing empirical and ab
initio theories of electronic structures, and is also important for atmospheric and
combustion modeling [ber94].
Considering a gas-phase reaction of a proton (H+) and a neutral species (M)
leading to the formation of the protonated species (MH+):
M + H+ → MH+, (3.1)
the term proton affinity (PA) is related to the correspondent enthalpy change for
the gas phase reaction, normally at 298 K [hun98]:
PA(M) = ∆f H°298(M) +∆f H°298(H+)−∆f H°298(MH+). (3.2)
The corresponding entropy change (∆S°298) can be defined in terms of absolute
entropies:
∆S°298 = S°298(MH+)− S°298(M)− S°298(H+). (3.3)
If the temperature dependence of the equilibrium constant K (T ) is known in
a proton transfer reaction:
XH+ + Y↔ YH+ + X, (3.4)
one can determine the difference of the proton affinities of the species involved.
In the case of a system such as the one represented in Eq. 3.4, the standard
enthalpy change (∆H°298) is a direct quantitative measure of the difference be-
tween the proton affinities of the two neutral species:
∆H°298 = ∆PA = PA(X)− PA(Y). (3.5)
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Determining the preferred direction of these reactions opens a door for an or-
dered proton affinity table.
The determination of standard entropy change ∆S°298 has also practical ap-
plications. The relative values of the proton affinity of molecules can be based
upon a single temperature measurement of the equilibrium constant. But the
∆S°298 value is needed in order to validate the assumption that the standard
free energy change (∆G°298) is approximately ∆H°298. ∆S°298 can also give us
an insight into the geometries of the protonated species XH+ and YH+ [hem73].
Several experimental techniques have been used for determining the heat of
formation of ionic species in the gas phase. The heat of formation of an ion in
the gas phase can, in principle, be obtained through a straightforward treatment
of the thermo-chemistry of the ionization process [ber94]. This approach fails for
species like the protonated methane (CH+5), where no neutral molecule exists.
Studies of the chemical equilibrium kinetics, such as those involving the re-
action of a hydrogen molecule with an ion M+, can provide very accurate thermo-
chemical information on the ion MH+ that is formed [haw89]. More specifically,
kinetic measurements of the reaction of CH+5 with hydrogen atoms, provide a
route for the determination of the hydrogen bond energy for this non classical
hydrocarbon ion [ger05a, luc05]. Given the exact knowledge of the thermo-
chemical data for the other reactants, the heat of formation for CH+4, H2 and
H, the heat of formation for CH+5 can be derived, and an absolute value for the
proton affinity of CH4 can be evaluated [hun98].
3.2 Previous experiments
Since the first mass spectrometric observation of the interaction of CH+4 and H2





CH+5 + H, (3.6)
reaction 3.6 in reverse direction has been the subject of several experimental
[kim75, ada77, fed85, asv04a, luc05, ger09] and computational studies [wan05].
Using the selected ion flowing drift tube (SIFT) technique, Federer et al.
[fed85] investigated reaction 3.6 from thermal energy (300 K) to 0.12 eV cen-
ter of mass kinetic energy. A van’t Hoff plot from measured rate coefficients
for the forward and backward reaction yielded a reaction enthalpy of ∆r H° =
−5.0 kJ mol−1 and a reaction entropy (∆r S°297) of 31.4 J mol−1 K−1 at 297 K.
Based on the proton affinities given by Walder and Franklin [wal80], the heat of
formation of CH+5 was evaluated in ∆f H°298(CH
+
5) = (912 ± 13) kJ mol−1.
The entropy of reaction was interpreted from the already known∆S°297(H2)−
∆S°297(H) = 15.9 J mol−1 K−1 and it was concluded that the entropy of CH
+
5 is
smaller than for CH+4 by more than 13 J mol
−1 K−1 [fed85]. The authors inferred
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that the reaction is exoergic and endoentropic, i.e., the free energy ∆G° =
∆H° − T∆S° must become negative above a certain value of T . In a recent
computational study, the potential energy surfaces for reaction 3.6 have been
calculated using several high level ab initio methods [wan05]. The reaction is
predicted to be slightly exothermic, with ∆r H°0 = (−12.7 ± 5.2) kJ mol−1, for
ground states.
Reaction 3.6 has been recently studied from the left to the right, using the
variable temperature 22-pole ion trap from room temperature down to 15 K
[asv04a]. Temperature dependent reaction rates using different isotopic config-
urations were measured to reveal the dynamics for the reaction. In that paper,
the authors were raising the questions, whether a bimolecular reaction can be
treated with simple thermodynamic quantities as presented by Fereder et al.
[fed85] and whether it is allowed to say that reaction 3.6 is endoentropic. The
answer was found negative in both cases.
Applying the definition of enthalpy change to reaction 3.6 we obtain:
∆r H°298 = ∆f H°298(CH
+
5) +∆f H°298(H)−∆f H°298(CH+4)−∆f H°298(H2). (3.7)
But recently, the determination of the rate coefficients (k−1) at temperatures
from 10 up to 100 K show that the reverse reaction is close to thermoneutral
(∆r H°298 = −3.5 ± 0.1 kJ mol−1) [ger05a, luc05]. Since ∆f H°298(H2) = 0, and
based on recommended thermodynamic data [lid03]:
∆f H°298(H) = 218 kJ mol−1
∆f H°298(CH
+




5) = (922± 2) kJ mol−1 can be evaluated.
If one considers the reaction:
CH4 + H+ → CH+5, (3.8)
and by making use of the standard value for the enthalpy of formation for methane
∆f H°298(CH4) = −74.6 kJ mol−1 [lid03], it leads to an absolute proton affinity of
PA(CH4) = (534± 2) kJ mol−1.
Several compilations of proton affinities of molecules have been published
[wal80, szu93]. In the most recent compilation, according to Hunter et al. [hun98],
the absolute value for proton affinity for methane PA(CH4) is based on the rel-
ative proton affinity of CH4 to the absolute value of the proton affinity of carbon
dioxide PA(CO2) (543.5 and 540.5 kJ mol−1 respectively). The stated accu-
racy of the proton affinity scale for molecules, that have not been measured by
key measurements like ionization or appearance energy is 8 kJ mol−1. Based






CH+5 + CO2, (3.9)
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becomes: ∆r H° = PA(CO2) − PA(CH4) = −3.0 kJ mol−1. The relative reac-
tion enthalpy published values for the same reaction have been determined
in the range of ∆r H° = −11.72 [meo77] to −3.35 kJ mol−1 [szu93], whereas
the change in entropy ∆r S° for the same reaction has fallen in the range of
−10.04 J mol−1 K−1[meo77] to +6.0 J mol−1 K−1 [szu93].
Therefore, several are several experiments and theories pointing out to dif-
ferent outcomes, concerning enthalpies and related proton affinities. With the
purpose of clarifying this question, we have decided to study the proton affinity
of CH4 relative to CO2 using a variable temperature 22-pole ion trap apparatus.
The parameters will be derived either from the equilibrium constant which will
be determined by measuring independently the forward and reverse reaction, or
by monitoring the thermodynamic equilibrium in the trap. The following section
is dedicated to the description of the two methods used, while in the subsequent
one, the final results and discussion is presented.
3.3 Experimental
Two methods have been used for determining the equilibrium rate temperature
dependence (Keq(T )), which directly leads to the reaction enthalpy and entropy.
This section follows a description of these two methods, how they were imple-
mented, and their results.





where kf and kr are the rate coefficients in forward and reverse direction in equa-
tion 3.9 respectively. Independent rate coefficient measurements for the forward
and reverse reactions were taken for a given set of fixed temperatures, follow-
ing the procedure already mentioned in Sec. 2.3.8. This allow us to determine
Keq(T ). And in a more direct approach, the equilibrium constant Keq for Eq. 3.9
can be determined from the measured ratio of the product ions and the number










but the thermodynamic equilibrium of the system must be assured. This second
method, besides needing only one measurement, has the major advantage of
having a smaller uncertainty in the final results, since there is no adding of the
errors from the two independent rate measurements [ber94].
In order to infer the relative proton affinity, one has first to determine the
dependence of the equilibrium constant on the temperature (Keq(T )), and the
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enthalpy ∆r H° and entropy ∆r S° changes can be derived from the slope and
intercept of a van’t Hoff plot, according to the equation [hun98]:




In case of a linear behaviour, one can assume that∆r H°298 = ∆r H° and∆r S°298 =
∆r S°
3.3.1 The forward and the reverse reaction
As an example, Fig. 3.1 demonstrates the results obtained for determination
of the absolute rate (kf ) for the forward reaction HCO
+
2 + CH4 → CH+5 + CO2
(22PT trap temperature T22PT = 255 and 120 K). The precursor gas used
for the HCO+2 ions production in the storage ion source was an approximate
50/50 % mixture of CO2 and CH4. Initially, CO+2 or CH
+
4 ions are produced
due to electron bombardment. They immediately react with the remaining CH4
(k = 5.5 × 10−10 cm3 s−1) or CO2 (k = 1.2 × 10−9 cm3 s−1) respectively, and in
both cases producing HCO+2 ions [woo07], which are then filtered and guided
into the 22PT. Using the effusive gas inlet, CH4 is leaked into the trap leading
to a stationary number density of [CH4] = 2.3×1010 cm−3 and 3.3 × 1010 cm−3,
respectively, which after reaction with HCO+2, leads to the formation of CH
+
5 and
CO2. Helium is added continuously as buffer gas with a number density of
[He] = 5.8× 1012 cm−3 in the first case and 8.4× 1012 cm−3 in the second.
During preliminary measurements, the existence of traces of water in the
background was observed. Although reacting with HCO+2 at a considerable high
rate (k = 2.3 × 10−9 cm3 s−1 [woo07]), its influence in the overall reaction was
below 5 % at 300 K due to its low density ([H2O] = 5×107 cm−3) comparing with
CH4 (three orders of magnitude larger). This effect obviously diminishes even
further by extending the measurements in the direction of lower temperatures,
reason why it was not taken in to account for the rate evaluation. After fitting,
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Fig. 3.1: Reactions of HCO+2 ions with CH4 molecules, leaked into the trap. For cooling
the ions to T22PT = 120 and 255 K, helium gas has been added with a number
density of 8.4 × 1012 cm−3 and 5.8 × 1012 cm−3, respectively. The number of
primary and product ions per filling, Ni , is plotted as a function of the storage
time t . At each iteration a new ensemble of HCO+2 ions is introduced into the trap
and undergoes reaction with the neutrals, leading to the rate reactions k120 =
4.3× 10−10 cm3 s−1 and k255 = 2.6× 10−10 cm3 s−1.
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To avoid condensation on the walls of CH4, the measurements were done in
a temperature range between 300 and 100 K. The obtained results, an endother-
mic behavior, for the reverse temperature dependence of the reaction rate coef-
ficient (k (T ) = (−1.0±0.1)×10−12 K−1 cm3 s−1×T/K+(5.3±0.4)×10−10 cm3 s−1)
are showed below in Fig. 3.2.










T  /  K
Fig. 3.2: Temperature rate dependence for the HCO+2 + CH4 → CH+5 + CO2 reaction,
measured between 120 and 300 K (k (T ) = (−1.0± 0.1)× 10−12 K−1 cm3 s−1 ×
T/K + (5.3± 0.4)× 10−10 cm3 s−1), denoting a weak endothermic behavior.
The determination of the reverse reaction rate kr in Eq. 3.9 was done in
a similar procedure, as already described before, although in the present case,
the CH+5 production was based on methane (CH4). Also, in order to measure this
reaction rate, slower than the forward reaction, the target gas number density
was increased in approximately one order of magnitude. Like in the previous
case, background contributions were negligible. In Fig. 3.3 two measurements
done for a 22PT temperature T22PT = 300 and 197 K with a respective target gas
number density [CO2] = 1.5 × 1011 cm−3 and 2.8 × 1011 cm−3, are presented.
They lead to the rate reactions k300 = 2.9 × 10−11 cm3 s−1 and k197 = 8.0 ×
10−12 cm3 s−1 respectively.
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Fig. 3.3: Constant temperature rate measurement for the CH+5 + CO2 → HCO+2 + CH4
reaction (k300 = 2.9× 10−11 cm3 s−1; k200 = 8.0× 10−12 cm3 s−1).
The measurements were done at a 22PT temperature T22PT = 300, 253 and
197 K. Fig. 3.4 shows the respective temperature rate dependence for this
exothermic reaction k (T ) = (2.0±0.2)×10−13 K−1 cm3 s−1×T/K− (3.2±0.5)×
10−11 cm3 s−1.



















Fig. 3.4: Temperature rate dependence for the CH+5+CO2 → HCO+2+CH4 reaction (k (T ) =
(2.0± 0.2)× 10−13 K−1 cm3 s−1 × T/K− (3.2± 0.5)× 10−11 cm3 s−1.).
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3.3.2 The constant temperature equilibrium rate measurement
In this experiment, according to Eq. 3.11, we observe the ratio between the
ions HCO+2 and CH
+
5 in the presence of a well defined mixture of CH4 and CO2
in the 22PT. This is done until an equilibrium is reached, and the ratio remains
constant.
In order to determine the equilibrium constant (Keq), the density of neutral
reactants was determined based on the pressure readings done with the cali-
brated ionization gauges according to Eq.2.6. Due to the relatively long storage
times and a typical number density of the helium buffer gas ([He] = 2×1013 cm−3
indicating a collision frequency of ≈ 104 s−1), this technique is well suited for
reaching thermodynamic equilibrium in the 22PT ion trap. The 22PT lowest
temperature was limited to 140 K, once more to avoid gas condensation on the
surrounding walls. In the described experiment, the point of equilibrium is deter-
mined by reaching a constant time independent ratio between the reactant and
product ion intensities. In our case this equilibrium is reached in a time between
0.4 to 0.6 seconds. As an example, Fig. 3.5 shows the time dependence of ion
counts in the CH+5, HCO+2, CO2, CH4 and He mixture at 300 and 200 K.




































Fig. 3.5: Constant temperature equilibrium rate measurements (Keq) for the HCO
+
2 +
CH4  CH+5 + CO2 system. The thermodynamic equilibrium is reached for
t ≈ 0.45 s at 300 K, while at 200 K this happens at 0.65 s. Ratio of the tar-
get gases [CH4]/[CO2] = 34.8 and ions ratio when equilibrium is reached
[CH+5/HCO
+
2]eq = 0.29 for T22PT = 300 K and 1.12 for 200 K leading to a re-
spective Keq = 10 and 39, with an estimated accuracy of 25%.
The number density of CH4 was [CH4] = 4.4 × 109 cm−3, and the number
density of CO2 was chosen to be [CO2] = 1.5× 1011 cm−3, leading to a CH+5 and
HCO+2 ion counting within the same order of magnitude when reaching equilib-
rium condition. In this experiment, about 1000 HCO+2 ions are injected per pulse
into the trap filled with CO2, CH4 and He. The HCO+2 ions are transformed via
reaction 3.9 into CH+5, which in return react with CO2 to form once again HCO+2
until an equilibrium is reached.
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In addition, H3O+ ions are also formed, via proton transfer of the stored ions
to background water molecules. The solid lines represent the numerical solution
of a set of coupled rate equations describing the formation and destruction of
the corresponding ions. Initial conditions are the number of the injected ions as


















Fig. 3.6: Measurement at room temperature and simulation over the existence (dashed
lines) or not (continuous lines) of H2O background and its influence on the
CH+5/HCO
+
2 ratio (observed to be less then 1 %). Main reaction rate values for
the simulation were taken from our previous studies. The k value for reaction
between H2O and HCO
+
2 was 2.3×10−9 cm3 s−1 and for CH+5 3.7×10−9 cm3 s−1
[woo07].
One main question was the influence of H2O background in the determina-
tion of the ratio between HCO+2 and CH
+
5 ions. The reactions:
HCO+2 + H2O → H3O+ + CO2
CH+5 + H2O → H3O+ + CH4 (3.13)
with reaction rates of 2.3 and 3.7× 10−9 cm3 s−1 [woo07], respectively, the con-
siderable amount of H2O density ([H2O] ≈ 1 × 107 cm−3) at room tempera-
ture, and specially the longer time needed for the thermodynamic equilibrium
to be reached, made us question the reliability of our measurements. As can
be observed in Fig. 3.6, simulation shows that, although there is an expected
decrease in the CH+5 and HCO
+
2 ions counting due to formation of H3O+, their
50
THE PROTON AFFINITY OF METHANE
ratio (CH+5/HCO
+
2), even if extended to 10 s storage time, remains essentially
the same, being the difference below 1%.
Due to this decay observed in both HCO2+ and CH+5 ions, and considering
that their ratio is not altered, and the ions are thermalized to the walls temper-
ature, it would be more proper to refer that the system reached a relative ther-
modynamic equilibrium condition. For simplification, thermodynamic equilibrium
may be referred, but having in mind these particular constrain.
3.4 Results and discussion
Fig. 3.7 shows the determined equilibrium constant (Keq) for reaction 3.9 at
selected temperatures in the range of 120 to 300 K, using helium as a buffer
gas. According to the linearity in the ln(K ) vs. 1000/T plot, the change in
the total heat capacity accompanying reaction 3.9 is sufficiently small to ensure
constancy of ∆r H° and thus also ∆r S° in the temperature range 120 to 300 K.
A least square fit of the data yields values for the standard enthalpy change
∆r H° = −6.5 ± 0.5 kJ mol−1 and the standard entropy change ∆r S° = −1.7 ±
1 J mol−1 K−1 in the range 120 to 300 K.
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Fig. 3.7: Comparison of van’t Hoff plots of experimental results for the proton transfer
between CO2 and CH4: obtained in this study (Keq measurements –a; absolute
rate measurements – #), experimental data from a flowing after glow kinetic
study (g) [hem73], high pressure mass spectrometry study [meo77] (n) and
[szu93] (- - -).
It was also verified that, in the case of existence of any unknown system-
atic error, e.g. temperature or number density determination, the outcome will
only have influence on the offset (∆r S°298) but not on the slope (∆r H°298) of
the resulting line. An experiment was carried without helium buffer gas. The
data measured with helium has 10% steeper slope, corresponding to a lower
∆r H°298. It is our conviction that this effect is derived from the thermal excitation
of the reactants due to rf heating. The use of helium as a buffer gas allowed us
to reach really stationary thermal equilibrium and we chose the values from the
experiments with He buffer gas for further discussions.
3.4.1 Comparison with other experimental techniques
Most measurements of proton exchange equilibrium constants have been car-
ried out using one of three types of ion instruments, which operate in very dif-
ferent pressure regimes: an ion cyclotron resonance spectrometer (ICR), a high
pressure mass spectrometer (HPMS), or a flowing afterglow apparatus (FA). In
Fig. 3.7 we compare the present results with published experimental studies
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[hem73, meo07, szu93]. The most important questions are, whether thermo-
dynamic equilibrium is in fact attained, the accuracy of the temperature mea-
surement [hun98], and the exact determination of the number densities of the
reactants [gal01].
In Tab. 3.1 a summary of experimental determined Keq is given, including the
extracted heat of reaction, i.e. the difference of the proton affinities (∆PA) for
CH4 and CO2 , along with the entropy changes (∆r S°) for reaction 3.9. The pre-
sented value for ∆PA = (−6.5± 0.2) kJ mol−1 is in excellent agreement with the
values from flowing afterglow (FA) ∆PA = (−6.3± 0.4) kJ mol−1 [hem73, boh80]
in the temperature range from 196 K to 553 K and selected ion flow tube (SIFT)
experiments ∆PA = −6.3 ± 1.7 kJ mol−1 [ada89] in the temperature range from
300 to 500 K within the stated error. On the other hand, values from the pulsed
high pressure mass spectrometry (PHPMS) study is ∆PA = −3.35 kJ mol−1,
measured in the temperature range of 420 to 620 K [szu93].
The value for the entropy changes, ∆r S° = −2 J mol−1 K−1 is slightly nega-
tive. In reaction 3.9, the absolute entropy at 298 K is well known for the neutral
species S°298(CH4) = 186.25 J mol−1 K−1 and S°298(CO2) = 213.79 J mol−1 K−1.
For the ionic reactants, the absolute entropy is more difficult to establish. Com-
monly, statistical thermodynamics is used along with high quality ab initio cal-
culations to calculate S°298. East et al. calculated S°298 = 240.3 J mol−1 K−1
for HCO+2 [eas97a] in reasonable agreement with the experimental value of
S°298(HCO
+
2) = 236 J mol
−1 K−1 [ada89]. Hemsworth et al. calculated the value
S°298(CH
+
5) = 210.9 J mol
−1 K−1 [hem73, dyc70] where the equilibrium geometry
corresponds to one of two possible structures with Cs symmetry between which
there is practically free rotation but where vibrational and electronic contributions
to the entropy are neglected. Based on these values we would expect a value
of ∆r S° = 2.00 J mol−1 K−1 in agreement with our experimentally determined
value.
Tab. 3.1: ∆PA and ∆r S° for several experimental values. In addition, calculations based
on the absolute proton affinity of CO2 and of CH4 are presented [hun98].
∆PA ∆r S°
kJ mol−1 J mol−1 K−1 technique
this work -6.5 -2 22PT
[hem73] -6.3 5.8 FA
[meo77] -11.7 -10 HPMS




3.4.2 The absolute proton affinity
According to the value for proton affinity of methane previously calculated, and
equation 3.5, we have PA(CO2) = PA(CH4)−∆PA leading to the value PA(CO2) =
(542 ± 2) kJ mol−1. Tab. 3.2 presents a compilation of results derived from
several studies.
Tab. 3.2: Compilation of results obtained for CH4 and CO2 proton affinities (kJ mol−1).
PA (CH4) references PA (CO2) references
534 ± 2 present work 540 ± 2 present work
546 ± 8 [boh80] 530 [hem73]
543 ± 4 [ada89] 536 ± 3 [tra91]
537.2 [pop87] ab initio 541 ± 2 [szu93]
536.4 [hes90] ab initio 541 [kom92] ab initio
542.2 [kom92] ab initio 540.5 [lin05]
543.5 [lin05]
It can be observed that there is a general good agreement, within error bars,
between the several experiments. In the case of CH4, it is interesting to observe,
although slightly below the NIST accepted standard value [lin05], it is similar to
the results obtained by two of the ab initio calculations [pop87, hes90]. Our
value for the proton affinity of CO2 is coincident with the NIST accepted value.
3.5 Conclusion
In summary, using the protonation of methane as an example, we demonstrated
that a temperature variable 22-pole ion trap can be used to study ion/molecule
systems under defined thermal equilibrium conditions.
The equilibrium constants have been obtained by two independent schemes:
(a) from a measurement of the rate coefficients in the forward and reverse di-
rection kf/kr or (b) from a measurement of the relative concentration of ions
and neutrals once relative stationary equilibrium is achieved. In relation to the
second method, cautions were taken with proper cooling of the products and
specially with background reactions. Attenuation rate for both primary ions and
products were time independent and equilibrium constants were directly mea-
sured in the 22PT. Although equilibrium constants were measured, a real TDE
was not possible to be reached in our experiment. Consequence of the ob-
served attenuation of the HCO+2 and CH
+
5 ions due to the presence of watter.
But rather a relative thermodynamic equilibrium, since their ratios were not al-
tered and their were in thermal equilibrium.
The agreement between the two types of measurements was within the ex-
perimental error. This second technique provides a direct and straight forward
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mean to obtain equilibrium constants at various temperatures from 120 to 300 K.
From a van’t Hoff plot we derived a reaction enthalpy of −6.5 ± 0.5 kJ mol−1.
The entropy change (∆r S°) was found to be (−2.0± 1.0) J mol−1 K−1. Based on
the absolute proton affinity for methane of PA(CH4) = (534± 2) kJ mol−1, we ob-
tained a value for PA(CO2) = (540±2) kJ mol−1 in good agreement with previous
studies.
Based on this reliable method, further measurements could be made in order





The studies of gas-phase charge-transfer reactions and an insight into their re-
action mechanisms may be of use in modeling the ion chemistry of planetary
atmospheres [gov84]. Its relevance is also known as a temperature diagnostics
in argon plasmas [lin04], or to infer the temperature of cold environments based
on the method of laser induced charge transfer [ger08b, sch99]. Furthermore,
understanding of the relative efficiency of different forms of energy in promoting
this kind of elementary reactions, is a central issue in reaction dynamics. A good
case study is the (Ar-N2)+ system:
N+2(ν




Ar+(2Pj) + N2(ν, J) (4.1)
where the symbol 2Pj denotes the fine-structure levels of the ion in the elec-
tric field due to the weak intermolecular potential, ν represents the vibrational
state, and J the rotational state. This system has been studied both theoreti-
cally [ng92, gis92, can01, can03] and experimentally [smi81, reb89, ng92, vig93,
wic94, smi94].
This particular system is a model system for a non-Born-Oppenheimer reac-
tion mechanisms, which display a temperature dependency not easily explained
via simple energy-dependent capture cross sections. Due to interaction of sev-
eral Potential Energy Surfaces (PES), reactants can give rise to products in
more than one electronic state [mik06], where the several competing channels
already known [smi81] are:
Ar+(2P3/2) + N2 → N+2(ν = 0) + Ar + 179 meV (4.2)
→ N+2(ν = 1) + Ar− 90 meV, (4.3)
Ar+(2P1/2) + N2 → N+2(ν = 0) + Ar + 357 meV (4.4)
→ N+2(ν = 1) + Ar + 88 meV, (4.5)
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with N2, N+2, and Ar being in their ground electronic states. The particular case
of the role of vibrational excitation has been the subject of a large number of
investigations. In the long run, one goal of these studies is related to the pos-
sibility of controlling the outcome of chemical reactions [zar98], for example by
a selective preparation of reactant states. According to recent research, the ex-
perimentally determined vibration-state selected cross sections for the forward
reaction and the state-selected and state-to-state cross sections for the back
reaction in Eq. 4.1 are in general good agreement with theoretical predictions
[ng92, can01, can03]. Although there is still the need for more low temperatures
measurements.
The role of N+2 and N2 rotational energy is also not totally determined. The
N+2(ν > 0, J) presents an interesting reaction dynamics for its rotational depen-
dence via Laser Induced Reaction (LIR). Schlemmer et al. pointed out that the
rotational relaxation of ortho-N+2(X
2Σg, ν“ = 0, J ′′ = 6.5) in collisions with Ar is
much less effective than what expected on the basis of simple dynamical and
statistical assumptions [sch99]. In this context, the study of N+2(ν = 0, J) is there-
fore of importance.
The reverse electron transfer reaction has an interesting low temperature be-
haviour, and not totally clarified. Results obtained by merged beam experiment
[wic94] are in contradiction with several other experiments that point out the ex-
istence of a minimum in the rate coefficient at approximately 0.02 eV [smi81]
and the increase towards lower temperatures [smi94].
From the technical point of view this work also presents interesting features.
One can point out the combination of a low temperature trap with an effusive
beam of neutrals, while measuring the Ar+ + N2 reaction. A second interesting
aspect is the production and filtering of N+2 in the ground vibrational state, used
during the forward N+2 + Ar reaction. This and some of the previous questions
will be addressed in the following sections.
4.2 Electron transfer from Ar to N+2
4.2.1 Previous experimental and theoretical studies
The first experiments
The forward charge-transfer reaction presented in Eq. 4.1 is an example of
how vibrational energy can determine an chemical reaction. First observed in
an ion flow tube experiment [smi81], measurements were done at room tem-
perature and ion-source electron energy of 100 eV. Under such conditions, it
was showed that two differently reacting species were present: a rapidly re-
acting one (4× 10−10 cm3 s−1), and another one which reacted extremely slowly
(2×10−13 cm3 s−1). Measurements were also carried out with an electron energy
approximately 1 eV above the threshold energy for production of N+2 (15.581 eV
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[joh06]). This value was below the one necessary for production of metastable
electronic states (in the 21 to 22 eV range). The presence of two different re-
action channels was confirmed. At 80 K the rate coefficient for the excited state
remained the same but the slower reaction dropped even further to a value be-
low 10−13 cm3 s−1. This difference was, according to the authors, due to the
vibrational excited state or states of N+2. Lindiger et al. performed a similar ex-
periment in a DRIFT tube and obtained similar results [lin81]. In the following
years, more results for this reaction were published [kat82, gov84, scu91].
The reaction N+2(ν = 0) + Ar → Ar+(2P3/2) + N2(ν = 0) is slightly endoergic
(0.179 eV). However, the cross-section of N+2(ν = 0) is between one and three
orders of magnitude smaller than that of vibrationally excited N+2, even when the
collision energy is set well above the threshold. Therefore, vibrational energy of
N+2 is much more efficient in promoting the charge-transfer reaction than collision
energy. The experimental results for the total partial state-to-state cross section
for the N+2(ν
′) + Ar reaction indicated that in the low-energy range (between 1
and 4 eV) the cross-section decreases with the increase of collision energy
[sha87, lia86, tos92].
Based on laser induced reaction, Schlemmer et al. presented studies on
the rotational relaxation processes after N+2 laser excitation in a 22-pole ion trap
[sch99]. It is pointed out that the method is not only appropriate for receiv-
ing spectroscopic information, but also to use it for detailed dynamical studies
of the various reaction steps involved. Here they defended that by determin-
ing rotational temperatures and Doppler temperatures, through Ar+ product ions
spectroscopy, it is possible to show that the internal and translational degrees of
freedom of the parent ions are well coupled to the trap temperature via collisions
with the Ar buffer gas. Unfortunately measurements have not been extended to
temperatures below 50 K, due to condensation of the argon gas on the sur-
rounding walls. This present work points out several solutions which can be
used for overcoming such a problem.
The theoretical studies
The first theoretical studies based on the vibronic semi-classic method [par88,
par89] were not able to fully justify the measured behavior for the forward re-
action, described above. The majority of these studies was based on collision
energies higher than 1 eV.
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Fig. 1. Vibronic potential energy curves for the parallel configu-
ration of the ArN2
+ complex. Vibronic states asymptotically cor-
relating with Ar+(2Pj ) + N2(ν) channels are identified by the
vibrational quantum number ν. Vibronic states asymptotically cor-
relating with Ar+N2
+(ν′) channels are labeled with letters. Cross-
ings, considered in this work, are indicated with numbers and
their relevant features are reported in Table 1. The dashed curve
represents the Ar + N2
+(ν′ = 0) state whose asymptotic energy
has been here assumed as the zero of the energy scale.
between vibronic states are introduced as a pertur-
bation at crossings and, therefore, transition prob-
abilities can be properly calculated [14] within the
Landau–Zener–Stückelberg model [21]. Vibronic
states relevant for the present calculations, involving
channels (I), (III), and (IV), are shown in Figs. 1
and 2. Channels (II) and (V) have not been taken
into account: the symmetry properties of the system
limit the charge-transfer coupling in channel (II),
while channel (V) is neglected due to its endother-
micity (≈1 eV). Figs. 1 and 2 show that the channel
N2
+(X, ν′ = 0) + Ar, which lies below all the other
states and whose asymptote defines the zero of the
energy scale, does not exhibit crossings with the other
Fig. 2. As in Fig. 1 for the perpendicular configuration.
vibronic states. Therefore, its reactivity, and also the
probability of its formation as a reaction product, is
expected to be negligible.
3. Dynamics of the charge-transfer process
Inspection of Figs. 1 and 2 identifies the relevant
processes of N2
+(ν′ = 1,2), listed in order of increas-
ing energy:
N2
+(ν′ = 1)+ Ar→ Ar+(2P3/2)+ N2(ν = 0) (1)
N2
+(ν′ = 1)+ Ar→ Ar+(2P1/2)+ N2(ν = 0) (2)
N2
+(ν′ = 1)+ Ar→ Ar+(2P3/2)+ N2(ν = 1) (3)
N2
+(ν′ = 1)+ Ar→ N2
+(ν = 2)+ Ar (4)
N2
+(ν′ = 2)+ Ar→ Ar+(2P3/2)+ N2(ν = 1) (5)
N2
+(ν′ = 2)+ Ar→ Ar+(2P1/2)+ N2(ν = 0) (6)
N2
+(ν′ = 2)+ Ar→ N2
+(ν′ = 1)+ Ar (7)
Fig. 4.1: Vibronic potential energy curves for the (Ar + N2)+ complex (parallel and per-
pendicular o figuratio s seen on the left and right side respectively). The vi-
brational qua tum number ν represents the vibronic states correl ted with the
Ar+(2Pj ) + N2(ν) channels, while letters refer to the Ar + N+2 (ν
′). Crossings are
indicated with numbers. The dashed curv repres ts the Ar + N+2(ν
′ = 0) state
with the respective as p otic energy being assumed as the zero of the energy
scale. For more detailed information please refer to [can03].
Candori et al. made an evaluation first from thermal to 2 eV [can01], and later
from 0.01 to 5 eV [can03] of he interaction potential energy urfaces (PES)
for the (Ar-N2)+ s stem. The potential took into account specific components
of the interaction such as polarizability, charge, quadrupole moment, ioniza-
tion potential, and electron affinity. The resulting adiabatic PES included also
an interaction term for the charge exchange couplings and the spin-orbit term.
S ate-to-state cross-sections determinations for the forward reaction in Eq. 4.1
at low energies were calculated. Unfortunately, the rate coefficients obtained
by Smith and Lindinger in the early 80’s [smi81, lin81] were the only available
experimental data for comparison which were below 1 eV. Agreement between
calculated and experimental results was obtained by assuming that the dura-
tion of the no adia atic transition matched the time required for the molecular
rearrangement into the final vibrational state. A main consequence was that,
the efficient formation of products into specific vibrational states is limited to well
defined ranges of impact parameters as observed experimentally.
The role of nonadiabatic transitions behavior at localized crossings was also
investigated. Calculations were shown to be in agreement with experimental
results confirming the strong state-selective chemistry occurring in the (Ar-N2)+
system. Fig. 4.1 represents the vibronic states relevant for these calculations.
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The N+2(ν
′ = 0)+ Ar channel resides below all the others, exhibiting no crossings
with other vibronic states. The reactivity and probability of its formation as a
reaction product, is considered to be negligible, also in accordance with the
experimental studies.
More work is therefore needed, concerning the behavior of this reaction for
lower energies. In the following section it is shown that it is possible to create and
filter N2(ν = 0), while results are presented for the forward reaction’s extended
measurements (60 to 300 K).
4.2.2 N+2 + Ar measurements
Initially, a similar procedure as already described in Sec. 2.3.8 was followed for
the N+2 +Ar temperature rate determination: N2 electron bombardment for the N
+
2
ion production, filtering and trapping in the 22PT, and adding the target gas Ar
(1.3× 1012 cm−3). Helium was used was used as buffer gas (4× 1012 cm−3).
The main problem in this experiment turned out to be the fact that, from the
first moments of the trapping time, a considerable amount of Ar+ product ions
was already present (approximately 15% of the parents ions counts). After the
first 100 ms, all excited N+2 would have been thermalized or would have reacted
with Ar, producing Ar+. This initial high background of Ar+ ions would have made
it more difficult to measure accurately an already expected small rate coefficient.
It is known that internal and translational degrees of freedom couple with the
trap temperature due to buffer gas collisions [sch99]. But quenching effects are
not so efficient for vibrational levels. This was demonstrated by Kato et al. by
measuring a very small rate of (9.8 ± 0.7) × 10−16 cm3 s−1 for the vibrational
cooling of N+2(ν > 0) with He [kat95]. Therefore, more preponderant for the
explanation of this effect of high Ar+ counts already before 100 ms, is the fact
that, with a relatively high charge transfer rate for the excited vibrational states
(kf (ν > 0) = 4 × 10−10 cm3 s−1 [smi81, lin81]) and with a considerably high Ar
number density used during the experiment (1.3× 1012 cm−3), all N+2(ν > 0) will
need less than 100 ms to go through reaction, leaving only the non-excited N+2
and the produced Ar+ ions.
The next step, after this first 100 ms, was to extract the already formed Ar+
ions in order to be able to measure the expected small reaction rate. This
was accomplished by momentaneously reducing the 22PT amplitude (V0) dur-
ing a short period of time (≈ 20 ms). As example, Fig. 4.2 presents one
measurement taken for a 22PT temperature of 300 K ([He] = 6 × 1012 cm−3
and [Ar] = 1.3 × 1012 cm−3), corresponding to a forward rate coefficient of
kf = 1.7 × 10−14 cm3 s−1. In the first 100 ms approximately 2300 of N+2 primary
ions and 160 of Ar+ have been detected. Immediately after lowering the 22PT
amplitude, the number of N+2 ions decreases only by 2% while the presence of
Ar+ inside the 22PT was removed. This effect is due to the fact that the effective
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potential (Eq. 2.2) is inversely proportional to the ions mass, resulting in a better
confinement for the N+2 ions trajectories when compared with the ones from Ar
+.
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Fig. 4.2: Reaction of the N+2(ν = 0) ions with Ar. Due to the existence of non-thermalized
N2 primary ions, it can be observed already in the first 100 ms a constant num-
ber of produced Ar+ ions. After reducing the 22PT amplitude and letting the
Ar+ ions escape, the remaining N+2 ions are considered to be thermalized and
in their ground vibrational state. The solid lines correspond to a solution of
the system differential equation, giving out a forward reaction rate at 300 K of
kf = 1.7× 10−14 cm3 s−1.
Already well established, the charge transfer with the N+2 ground vibrational
state (ν = 0) is endothermic by 0.179 eV but for the first excited state (ν = 1) is
exothermic by 0.090 eV [scu91]. Thus, within a simple model, one would expect
an upper limit (ktheo for the room-temperature (T ) observed value of kf ,ν=0 [lin81]
to be:
ktheo(T ) ≤ kLe−∆E/(kBT ), (4.6)
with ∆E being the endothermicity of the reaction and kL, the Langevin limiting
value [gio58] for the reaction. With kL ≈ 7×10−10 cm3 s−1, we get ktheo(300 K) ≤
6.9×10−13 cm3 s−1, which is one order higher than the measured value of 1.6×
10−14 cm3 s−1. Therefore, the rate coefficient presented in Fig. 4.2 after the first
initial 100 ms represents kf (ν = 0) for the reaction:
N+2(ν = 0) + Ar
kf→ Ar+(2P3/2) + N2(ν = 0) (4.7)
In Fig. 4.3 is presented the obtained reaction rate temperature dependence
results for the forward reaction taken between 300 and 60 K. Former published
values obtained by other groups at 300 K are also represented.
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Fig. 4.3: N+2(ν = 0) + Ar→ Ar+ + N2 reaction rate temperature dependence measurement
(22PT), the temperature variable SIFT [smi81], DRIFT apparatus [lin81], and
expected value (Ktheo) based on the Langevin rate, all for for 300 K. The mono-
exponential decay (solid line) points out to the presence of only one product ion
- N+2(ν = 0).
A striking difference can be observed between our reported 300 K reported
and those obtained in earlier experiments [smi81, lin81], with one order of mag-
nitude of difference between them. This difference might indicate that these first
experiments suffered a contamination of N2(ν > 0).As pointed out before, the
fact that we reset our experiment, letting all excited N+2 states to react and then
extracting all produced Ar+ ions, makes this experiment, more reliable.
4.3 The Ar+ + N2 reaction
4.3.1 Previous experiments
Viggiano et al. [vig93] measured rate constants for the reaction of Ar+(2P3/2) with
N2 as a function of N2 vibrational temperature (300 to 4700 K) for a rotational
and translational temperature of 300 K, showing that its influence in carrying
this reaction is significantly more effective in comparison with the translational
or rational energies. More recently, velocity map imaging of ion-molecule re-
active scattering technique indicates, that for relative collision energies of 0.6




′ = 1) and around 0.8 eV the largest fraction is found to populate ν ′ = 2
[mik06].
Once again, such studies are in their majority done in a relatively high kinetic
energy range, leading to a limited amount of data available for lower energies.
This fact limits a better understanding of this system reaction dynamics.
Based on a already published figure [ger08a], Fig. 4.4 is a compilation of
several experiments for determining the rate reaction over a wide energy range.
The langevin limit for the rate coefficient for this reaction, according to Eq. 2.8
is kL = 7.6 × 10−10 cm3 s−1. One can observed that above 100 meV, the sev-
eral experiments are in good agreement, namely: the Merged beam data and
Guided Ion Beam (GIB) technique [wic94], the temperature variable DRIFT tube
[vig93] and the flow tube [smi81].
Below 100 mV, discrepancies arise. While the merged beam maintains a
value of approximately 2×10−11 cm3 s−1 for the rate reaction, the DRIFT and flow
tube experiments indicate a minimum at approximately kmin = 8× 10−12 cm3 s−1
at 0.01 eV. The CRESU experiment [reb89] followed by the free flow experiment
[smi94] lead to a value close to 1 × 10−10 cm3 s−1 at 0.4 meV, although still far
away from the predicted Langevin rate coefficient. Observing more carefully the
data from the merged beam experiment, although the reaction is exothermic by
179 meV, it proceeds very slowly at collision energies below 100 meV. One can
observed that the increase of the reaction rate seems to start when approaching
the 100 meV. The fact that this value is coincident with the energy needed to
form N+2 in the first vibrational state, ν = 1 [ger08a], seems to be consistent.
When looking to the remaining experiments below 100 mV, the question of
the existence of a minimum arises. This minimum would be connected to the
existence of the different possible reaction paths previously presented. At 300 K
(corresponding to a translational energy ET ≈ 40 meV), the simultaneous pres-
ence of Ar+ in both spin states in a reaction means that several channels are
energetically allowed (Eq. 4.2, 4.4, and 4.5) and channel 4.3 can also proceed
at a significant rate. Nevertheless, the presence of the excited Ar+(2P1/2) in the
free flow experiment is refuted by the authors based on already existing experi-
mental evidences. They argued that reaction of N2 with Ar+(2P3/2) proceeds at a
rate three times faster then with Ar+(2P1/2) together with the linearity over more
than two decades in Ar+ decay, indicating the presence of only a single reacting
species. By excluding Ar+(2P1/2) from the system, we are confronted with the
two remaining possibilities based on Ar+(2P3/2): the exoergic reaction leading to
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Fig. 4.4: Energy dependence of the effective rate coefficients for the exothermic charge
transfer reaction Ar+ + N2 → N+2 + Ar. Merged beam data (#) and Guided Ion
Beam (GIB) technique (+) [wic94], temperature variable DRIFT tube (4) [vig93],
free jet (♦) [smi94], CRESU experiment (O) [reb89], flow tube () [smi81] and
the line is the Langevin limiting rate coefficient. Above 100 meV the several
experiments (GIB, DRIFT and merged beam) agree in the increase of the rate
reaction with the increase of energy, which is coincident with the energy needed
to form N+2 in the first vibrational state, ν = 1. Below this value, the flow tube
point to a minimum of the rate reaction rate to be approximately kmin = 8 ×
10−12 cm3 s−1 at 0.01 eV.
Finally, at lower temperatures, the increase of the rate coefficient may be
taken as an indication that the longer lifetime of the collision complex allows for
non–adiabatic transitions, as already pointed out in published articles over sim-
ilar systems such as NH+3 + H2 → NH+4 + H [ger93]. Knowing of how much is this
increase is still an open question. This reaction rate, towards lower tempera-
tures, was measured with different techniques: flow tube, CRESU and free flow
and they seem to point out to its stabilization around 10−10 cm3 s−1 at 0.5 meV.
The N2 rotational states
This increase of the rate coefficient for the Ar+ + N2 reaction towards lower tem-
peratures may be connected to the presence of specific N2 rotational states.
Similar assumptions have been recently pointed out, but for for the CH+ + H →
C+ + H2 reaction [meh09].




EJ = BJ(J + 1)− DJJ2(J + 1)2, (4.8)
where the rotational constant (B = 1.99824 cm−1) and the centrifugal distortion
constant (DJ = 5.8 × 10−6 cm−1) were taken from the NIST data base [lin05].
For comparison, the values for the N+2 ion are 1.92238 and 5.9E-06 respectively
[bac94].
N2 may occupy rotational states with even J if its nuclear spins are paired
(para), and odd J states only if its nuclear spins are parallel (ortho). In general,
the the ratio for the numbers of ways of achieving states of odd and even J,
for a homonuclear diatomic molecule with nuclei spin I, can be found by [atk02,
pg. 511]:
Number of ways for odd J
Number of ways for even J
=
{
(I + 1)/I for half-integral spin nuclei
I/(I + 1) for integral spin nuclei (4.9)


















Tab. 4.1 shows the rotational energies (EJ) from J = 0 up to 8 and population
of the several rotational states for different temperatures taking into account the
nuclei spin contribution, while in Fig. 4.5 the rotational states population in a
1 - 10000 K range temperature is plotted.
Tab. 4.1: Results for the N2 rotational population distribution for different temperatures
when taking into account the nuclei spin I = 1.
J E / meV P / %
1 K 5 K 50 K 200 K 300 K
0 0.00 66.66666 57.52951 7.55513 2.61575 2.19502
1 0.50 33.33333 33.08755 10.19286 4.28800 3.74355
2 1.49 0.00001 9.13191 26.75357 11.99801 10.36186
3 2.97 0.00000 0.24577 13.38327 8.66570 7.93674
4 4.95 0.00000 0.00525 21.53136 17.65980 16.30972
5 7.43 0.00000 0.00001 7.47161 10.51326 10.49615
6 10.40 0.00000 0.00000 8.77981 18.59366 19.08093
7 13.87 0.00000 0.00000 2.28560 9.86638 11.15689
8 17.83 0.00000 0.00000 2.04680 15.79944 18.71914
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Fig. 4.5: Results obtained for the N2 rotational states population for J = 0 up to 8. Even
states of J are forbidden for ortho-nitrogen.
The relatively small difference between the several rotational states is ex-
plained by the rather small value of B, inversely proportional to the molecule
moment of inertia. One can observe that only below 10 K, we have as main
populated states J = 0,1 and 2. At this temperature J = 0 corresponds to ap-
proximately 60 %. Furthermore, only below 2 K we have J = 1 as the main
populated state.
In an effort to clarify this several aspects, we have aimed our attention to
the study of the reverse reactions (Eq. 4.1) of the (Ar − N2)+ system based on
different and complementary methods in a temperature range between 300 and
30 K. Measurements and results will be presented in the following section.
4.3.2 Ar+ + N2 measurements
Four methods were used in order to study the backward reaction (Eq. 4.1): 1
- Fixed temperature reaction rate measurement with standard effusive neutral
gas; 2 - During the down-cooling or warming up cycle; 3 -Through condensation
of N2 on the walls; 4 - Cold effusive beam. In the following, a description of
methods used for both reactions and respective results is presented.
Fixed temperature rate measurements
In order to compare the several results based on other techniques, rate mea-
surements done at constant temperature were performed by following the proce-
dure already presented in Sec. 2.3.8. These measurements were done for tem-
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peratures between 300 and 100 K. Two of this measurements can be observed
in Fig. 4.6. Ar (ionization energy of 15.7596 eV [lin04]) was used as precursor
gas and pulsed helium (number density ≈ 1.5× 1013 cm−3) as buffer gas. After
trapping in the 22PT the Ar+ ions go through reaction with N2 (7 × 1010 cm−3).
Due to the existence of H2O background gas, H2O+ and H3O+ ions are formed.
Finally, mass 29 is also formed. N2H+ is formed due to reaction between N+2
and H2O, but also 15N − N+, derived from the presence of the isotope 15N (nat-
ural abundance of 0.368(7)% [lin05]), not being possible to distinguish between
these two species.
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Fig. 4.6: Ar+ + N2 time dependence of primary and product ions for T22PT = 204 K and
300 K. Approximately 3000 Ar+ ions are injected into the trap initially (g) and
quenched with pulsed helium buffer gas which is synchronized with the begin-
ning of each measurement cycle (number density 1.5 × 1013 cm−3), ensuring
a low kinetic energy of the ions. H2O+(o) and H3O+ (p) are formed due to
H2O background (1.2×108 and 1.3×107 cm−3 for 300 and 204 K respectively).
N2H+/15N − N (n) derives from the reaction N+2 + H2O or from the reaction be-
tween Ar+ + (15N−N). The lines represent fits of the experimental data. UMIST
data base rate coefficients were used for the fitting of background reactions.
The total number of ions remains constant throughout all the measurement
time(J). N+2 ions are formed with a rate of k300 = 1.1 × 10−11 cm3 s−1 and
k204 = 8.3× 10−12 cm3 s−1 (a).
In Fig. 4.7 the reaction system which was used as a base for the fitting proce-
dure is shown. Reactions and correspondent used rate reactions are presented
in Tab. 4.2.
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Tab. 4.2: Reactions and reaction rate coefficients values used during the fitting proce-
dure of the Ar+ + N2 reaction (units given in cm3 s−1).
k1 Ar+ + N2 → N+2 + Ar
k2 Ar+ + H2O → H2O+ + Ar 1.8× 10−09 [mau78]
k3 Ar+ + (15N− N) → (15N− N)+ + Ar
k4 H2O+ + H2O → H3O+ + HO 3.0× 10−09 [woo07]
k5 N+2 + H2O → H2O+ + N2 2.3× 10−09 [woo07]
k6 N+2 + H2O → N2H+ + OH 5.0× 10−10 [woo07]
Fig. 4.7: Ar+ +N2 reaction scheme inside the 22PT including H2O background and taking
into account the 14/15N natural isotope of nitrogen.
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In Fig. 4.8 is presented the reaction rate temperature dependence for Ar+ +
N2, reaching a minimum of 6.7× 10−12 cm3 s−1 at 200 K.
















Ar+ + N2  N
+
2 + Ar
Fig. 4.8: Ar+ + N2 temperature dependence measurements between 100 and 300 K with
a minimum at 200 K corresponding to a rate reaction of 6.7× 10−12 cm3 s−1.
Measurements during the down-cooling cycle
Based on Eq. 2.5, the reaction rate coefficient can be determined based on the







As can be observed in Fig. 4.9, this procedure was based on repeated measure-
ments, while the 22PT temperature was continuously decreasing from 300 to 78
K. The Ar+ ions are introduced in the 22PT as already described and a constant
flow of N2 is introduced in to the trap leading to an initial value of 4.3×1010 cm−3
number density along with pulsed helium (≈ 1× 1013 cm−3).
A Savitzky-Golay smoothing method to the 22PT temperature decrease was
applied, with an overall deviation of less then 2%. An evaluation of the N2 num-
ber density was made by making use of Eq. 2.6.
By making an average for each each 5 K interval, the reaction rate coefficient






The Ar+ + N2 reaction
Fig. 4.9: Ar+ + N2 time constant decay (g - left axis). It is also represented on the right
axis the cooling down of the 22PT obtained through a silicon diode (Lakeshore
DT-470) coupled to the walls of the trap, over which a Savitzky-Golay smoothing
method was applied (— and - - - respectively).
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A r +  +  N 2  → N +2  + A r
Fig. 4.10: Temperature dependence of the rate coefficient for the reaction Ar+ + N2 (g)
. [N2] = 4.3 × 1010 cm−3. kmin = 6.8 × 10−12 cm3 s−1 for T22PT = 180 K. For
comparison, data obtained through standard procedure is shown. (a) already
presented in section 4.3.2.
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Although this procedure has the advantage of being faster, we point out the
fact that this measurement we did not account for the presence of parallel and
secondary reactions. This slightly increases the error for the determination of
the rate coefficient for each point, specially for the higher temperatures, where
the presence of water is more preponderant. Comparing with previous mea-
surements presented above in Sec. 4.3.2, we estimate the total error to be
approximately 25%. Nonetheless, as can be observed in Fig. 4.10, both mea-
surements are good agreement. Although the minimum rate is similar to what
was obtained before kmin = 6.8 × 10−12 cm3 s−1, the temperature at which it
happens is slightly shifted (180 K), but representing only 10% deviation, thus,
considered acceptable. Undoubtedly the strong point of this technique is the
possibility of measuring, in a very short time, rate coefficients over a wide range
of temperatures with reliable results. In the present case, is now undeniable the
existence of a minimum in this reaction as already mentioned, fact which will be
discussed further on.
Measurements based on condensation of N2
As it was stated before, one main set-back in these kind of trap experiments
is the condensation of neutral species on the surrounding walls. Fortunately,
this effect can also be used in our advantage. A 22PT is able to operate with
very low number densities of target gas, and this number can be reached based
only on the resulting vapor pressure at low temperatures, therefore extending
the possible temperature range further down.











t  /  h
Fig. 4.11: The reaction He+ + N2 has been used to follow the time dependence of the ni-
trogen density in the trap at a temperature of 30 K. The gas flow has been hold
constant at 6.8×10−5 mbar l s−1. It is shown that it takes less then 45 minutes
to achieve stable conditions and that they are stable within the following hour.
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Fig. 4.11 illustrates that one can operate a trap at 30 K and simultaneously
maintain a nitrogen number density of 2.2 × 1010 cm−3 by leaking a stationary
gas flow of 6.8 × 10−5 mbar l s−1 into the trap. In this test, the reaction He+ +
N2, already mentioned in Sec. 2.3.9 has been used to follow, in situ, the time
dependence of the nitrogen density. The measurement shows that it takes less
than 1 hour to reach stationary conditions. At the beginning of the experiment,
the pumping speed of the cold clean surfaces maintains a rather low stationary
density. With increasing time, saturation reduces the sticking efficiency.
After N2 number density was determined, standard procedure was used in
order to study the Ar+ + N2 reaction. Two measurements based on this tech-
nique are shown in Fig. 4.12. The results for the rate coefficient, 1.3 and
3.0×10−11 cm3 s−1 (±25%) at 66 and 30 K respectively, are in accordance within
the error bars, with previous ones obtained by other groups, clearly indicating
an increase in the rate reaction for this system towards lower temperatures.
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Fig. 4.12: Measurements done over a constant N2 flux obtained through 66 K and 30 K
cold surface saturation of the 22PT with respective N2 number densities of 1.7
and 2.0 × 1010 cm−3. This densities were obtained through chemical probing
based on the He+ + N2 reaction. The rate reactions obtained were k66 = 1.3×
10−11 cm3 s−1 and k30 = 3× 10−11 cm3 s−1 (±25%).
A cold effusive beam of N2
A final procedure, was based on the reaction of the trapped Ar+ ions with a
cold effusive beam of N2, which was already introduced in Sec. 2.4. The mea-
surement was done with 22PT temperature of T22PT = 40 K. The same was
applied to the accomodator temperature. The translational temperature of the
N2 beam (by means of Time of Flight) and its number density (based on the
He+ + N2 reaction, Fig. 2.18) were characterized. The evaluation of the reaction
rate for the beam (kb) was then dependent on the measurement of the reaction
with background (kbg), and reaction with background and beam (kbgb) Fig. 4.13.
The control over the beam was made by means of a mechanical shutter, lo-
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cated immediately before the 22PT. Due to the fact that this two N2 contributions
(the beam and the background) are at different temperatures and with different
space distributions, their respective rates kbg and kbgb have to be considered as
independent from each other.
Keeping in mind the 1.0× 109 cm−3 number density for the background and
5.0 × 108 cm−3 for the beam, both previously determined (Sec. 2.4.2), and ac-
cording to Eq. 4.14:
[Ar+] = [Ar+]0 e−(kbg [N2]bg+kb [N2]b)t , (4.14)
the resulting reaction rate coefficient for the beam after fitting was 4×10−11 cm3 s−1.
This result does not take into consideration the isotope contribution.
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Fig. 4.13: Measurements based on 22PT background (bg) and by adding a N2 cold ef-
fusive beam (bgb). The average number of ions, Ni , trapped and formed for
each iteration, is plotted as a function of the storage time t . The solid lines are
solutions of an adequate rate equation system leading to the rate coefficients
kbg = 8.7× 10−11 cm3 s−1 and kbgb = 1.1× 10−10 cm3 s−1, respectively.
Compared results
Fig. 4.14 presents a compilation of the results obtained based on the sev-
eral setups. The experiments based on the 22PT technique, when seen has a
whole, show a strong consistency. In the 100−300 K region, the measurements
done based on standard procedure, not only are overlapped with the continuous
time measurements with no significant deviation (approximately 10% as already
mentioned), but also, both of them are in agreement with the flow tube data.
This fact reinforces the notion of the existence of the minimum in this temper-
ature range (located between 180 and 200 K). The values measured, based
on the N2 wall saturated 22PT procedure at 66 and 30 K, besides extending
the temperature range of the previous procedures with minor deviation between
them, are also in very good agreement with the CRESU experiment. Finally, the
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measured point with the CEB-22PT setup, even if it is still a technique with a
considerable room for improvement, with its slightly increased estimated error
and higher final value, is still, within the error bars, reinforcing this tendency of
the increased rate with the lower temperatures.
Also present in Fig. 4.14 is the N2(J = 0) rotational state population. Its
maximum was adjusted to the expected rate coefficient in the Langevin limit,
while its minimum was manually adjusted. The outcome points out to a prepon-
derant role of the rotational states in the reaction rate coefficient for the lower
temperature regime.
Fig. 4.14: Compared Ar+ + N2 rate reaction studies based on the 22PT (a, g and p)
and CEB-22PT (n) experiments and previous measurements: Merged beam
data (#), Guided Ion Beam (GIB) technique (+) [ger08a], temperature variable
DRIFT tube (4) [vig93], free jet (♦) [smi94], CRESU experiment (O) [reb89]
and the flow tube () [smi81]. It can be observed the decrease, minimum and
increase, while moving from higher to lower temperatures. On the right axis
is plotted the population in percentage for the rotational state J=1, where its
maximum is adjusted to be coincident with the Langevin limit for this reaction
kL = 7.6× 10−10 cm3 s−1, while its minimum was manually adjusted.
Reaction enthalpy and entropy determination
Following the same procedure as described in Sec. 3.3, a van’t Hoff plot, a least
squares fit to the plot of − ln Keq vs 103/T (where Keq = kf/kr ), and the forward
reaction and reverse reaction are already determined in Eq.4.1) would be able
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to give us an insight on the reactions enthalpies and entropies.
It can be observed in Fig. 4.15 the expected nonlinear behaviour, due to the
temperature dependency of the reaction rate coefficient of the reverse reaction.
Two reaction enthalpies were obtained from the two distinct slopes: 0.5 kJ mol−1
in the lower temperature region and 3.6 kJ mol−1 in the higher region. The
reaction ∆H and ∆S are highly temperature dependent, therefore, failing to
comply with the method’s criterion in this temperature range. In such a case
case, it is not possible to extract any credible conclusion from this experiment.
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Fig. 4.15: The van ’t Hoff plot for the N+2+Ar Ar
++N2 system equilibrium constant (Keq =
kf/kr ), obtained based on the independently forward and reverse temperature
reaction rates measurements previously presented (Fig. 4.3, 4.15 and 4.10).
Lindinger et al. measured directly the equilibrium constant Keq for the Ar+ +
N2  N+2 + Ar (approximately from 300 to 3000 K). From a linear van’t Hoff
plot they derived an enthalpy value of 0.15 eV. This value was then related to
the energy difference of 0.183 eV between the lowest states of Ar+ and of N+2
[lin81]. It was argued that in order to attribute a meaning to a Van’t Hoff plot,
taken from drift equilibrium data, “it is necessary that the relative kinetic energies
between N+2 and Ar be very similar to those of Ar
+ and N2”. Furthermore, “owing
to fortuitous mobility values of Ar+ and N+2 in Ar this condition is met to some
extent”. Such a procedure, if possible to be considered valid in their higher
temperature range, due to the better determined molecules energetic states, is




During this work, the forward (kf ) and backward reaction (kr ) of the (Ar+N2)+ sys-
tem were studied in a 22PT apparatus by making use of several complementary
techniques and approaches.
In the forward reaction, Eq. 4.1, the main question from the experimental
point of view, was to avoid the already formed Ar+ ions, due to the fast reac-
tion of argon with the first rotational excited state of nitrogen N+2(ν = 1). This
was overcome by making use of a momentary reduction of the 22PT ampli-
tude (V0). The initially formed Ar+ ions were able to evade the 22PT, while the
remaining nitrogen ions with rotational ground state N+2(ν = 0), were in their ma-
jority kept within the 22PT boundaries. From this point they reacted with argon
gas, but with almost no Ar+ background signal. At 300 K, our measured rate
1.6 × 10−14 cm3 s−1 is one order of magnitude below compared with previous
measurements [lin81, smi81]. But, it is our point of view, that this experiments
with 30 years of existence, might have suffered from some problems. One of
them could be related to the difficulty in achieving a nitrogen excited rotational
states free environment, or some possible N2 contamination.
The backward reaction from Eq. 4.1 presents itself as a more interesting
system with its competing channels for the reaction rate to proceed. Several
previous experiments agreed among each other for the higher temperatures
(above 700 K) but differ for the lower temperature regime. The existence of a
minimum for the absolute rate reaction and its steep increase below 100 K were
still in need for a confirmation.
With a minor deviation from the fixed temperature rate measurements, the
continuous time measurement gave a clear picture of the reaction temperature
dependence in the 300 to 70 K temperature range. In such conditions we ob-
tained a minimum for this reaction of (6.8±20%)×10−12 cm3 s−1 at 180 K±15%.
This is a fast and reliable method for analysing similar systems, as long as the
temperature measurements are not in the proximity of phase transitions.
In relation to the lower temperature range, below nitrogen condensation
point, both measurement procedures, the one obtained based on the conden-
sation of N2 in the 22PT walls at 66 and 30 K, and the one based on the cold
effusive N2 beam at 40 K, clearly indicate an increase on the absolute rate reac-
tion, fitting (within the error bars) between the free flow, CRESU and flow tube
experiments.
In this reaction it was possible to observe the competition between the two
exit channels Ar + N+2(ν = 0) and Ar + N
+
2(ν = 1), resulting in the measured min-
imum. Our studies also point out to the possible role of the N2(J = 0) rotational
state in the reaction rate coefficient for lower temperatures. Based on some
of the methods presented in this work, a new set of measurements at lower





Besides the questions relative to the two systems presented here, this work
was one more step forward to cement the position of the 22PT, as one of the
most important tools in modern ion chemistry. Its flexibility, due to its modular
construction, its consistency in the several obtained results, although based in
different methods, its broad range of applications, not only in our laboratory
but already throughout several locations in the world, reinforces the idea that,
despite being relatively new, it will continue to give valuable support for many
experimentalist and theoreticians in their quests for many years to come.
With the work based on the protonation of methane, presented in Chap-
ter 3, the results demonstrate that the 22-pole trap technology can reach de-
fined stationary thermal equilibrium conditions, and be used for determination
of equilibrium constants. They were obtained through two different methods.
The first one consisted in independently measuring the forward and backward
reaction rate and determining the ratio between the two rates. The second,
was based on directly measuring the relative ions and neutral gas concentra-
tions, when a relative thermodynamic equilibrium was achieved. Both methods
agree between each other within the experimental error. Measurements were
made in the 120 to 300 K range. Based on a van’t Hoff plot, the outcome
for the reaction enthalpy was −6.5 ± 0.5 kJ mol−1, and for the entropy change
(∆r S°) was (−2.0 ± 1.0) J mol−1 K−1. Finally we obtained the proton affinity
values for methane of PA(CH4) = (534 ± 2) kJ mol−1, and for carbon dioxide
PA(CO2) = (540± 2) kJ mol−1 in close agreement with previous studies.
In relation to the more challenging (Ar-N2)+ system, the forward (kf ) and
backward reaction (kr ) were also determined.
The forward direction, after avoiding the undesired Ar+ ions due to the pres-
ence of the first rotational excited state of nitrogen (N+2(X , ν = 1), was measured
and was obtained at room temperature kf = 1.6 × 10−14 cm3 s−1, one order of
magnitude bellow previous measurements. The arguments for such a difference
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are related to the difficulty in achieving an environment free of nitrogen excited
rotational states or possible N2 contamination, in an experiment with 30 years
of existence. The reverse direction was an excellent opportunity to try out the
several possibilities offered by the 22PT and to measure one reaction under
different methods. The several methods presented here were: measurement
during the down-cooling or warming up cycle, and the three constant tempera-
ture measurements, from standard effusive neutral gas, through condensation
of N2 on the walls, and based on a cold effusive beam. All agreed with previ-
ous measurements. A minimum was obtained of 6.8× 10−12 cm3 s−1 (±20%) at
180 K (±15%).
The existence of this minimum is known to be derived from the existence of
the two competing channels, Ar+(2P3/2) + N2 → N+2(ν = 0) + Ar and Ar+(2P3/2) +
N2 → N+2(ν = 1) + Ar. The steep increase for temperatures under 100 K which
is also indicated in our results, is in accordance (within error bar) with free flow,
CRESU and flow tube experiments. Finally, this steep increase, seems to be
related with the N2(J = 0) rotational state population for the lower temperatures.
Measurements below 5 K would give a more precise answer.
5.2 Outlook
Looking back, it is possible to state that there are several experiments which
can be carried out based on our 22PT technology, and can be done in order
to further increase our knowledge about this reactions. As already mentioned,
based on a similar apparatus, the laser induced reaction: N+2 +hν+Ar→ Ar+ +N2
is of special interest [sch99], since it can be used for ion temperature determi-
nation, but measurements have not been extended to temperatures below 50 K,
due to condensation of the argon gas on the surrounding walls. According to
our experience, it was already observed that this effect can actually be used
in our advantage. It was demonstrated that the door is open for a new set of
measurements to be performed in cases where, the question of a target gas go-
ing through wall condensation at low temperatures, limiting the measurements
temperature range, had to be previously considered. This feature re-enhances
once more the potential of such rf pole traps in scientific research. The last, but
maybe the most promising approach, is the coupling of a cold effusive beam
with the 22PT. Already presenting very interesting results, it is now the quest to
reach sub-kelvin temperatures by means of velocity selection [ger08b]. While in
the previous cases, the temperature range is limited by the cold heads coupled
to the 22PT, where we would be able to reach approximately 5 K, by beam ve-
locity selection the temperatures and respective collision energies could be at
least one order of magnitude less.
In relation to the systems presented here, it would be interesting, based
on the CEB-22PT set-up, to determine the low temperature limiting rate value
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for the Ar+ + N2 reaction, by having the nitrogen beam at such low temper-
atures and comparing its results with the free flow and CRESU experiments






In Fig. A.1 can be observed the results obtained for H2 and D2 with a respective
determination time of tdet= 14 and 20µs. It follows, as expected, the square
mass relation, considering the kinetic energy conservation:
√
m2/m1t1 = t2.
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t d e t  =  9  ± 2  µs
t d e t  =  1 4   ±  3  µs
t d e t  =  2 0  ± 3  µs
H H 2D D 2
Fig. A.1: Determination of the detection time, which is the time between the ionization
and the acquisition through the MCA for D2 (− · −), H2 (—), D (· · · ) and H
(- - -).
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In the case of D2 TOF measurement observed in Fig.A.2, the CEB tem-
perature has been set to TCEB = 102 K and 11 K and with a throughput of
QCEBD2 = 2.5 × 10−2 mbar l s−1.. The comparison of the data with the predicted
Maxwell-Boltzmann distribution, reveals that the D2 beam temperature is well
coupled to the CEB chamber. Also in this case, is possible to observe a small
non-thermalized contribution from the background corresponding to 244 K.













t o f  /  m s
D 21 0 2  K 1 1  K
Fig. A.2: TOF distributions for D2 atoms for TCEB = 102 K -  and 11 K - a. Corre-
spondent Maxwell-Boltzmann distributions (full lines) gives (102.7± 0.1) K and
(11.5± 0.1) K. It is possible to observe a small 211 K background contribution
in the 11 K TOF, representing approximately 1% of the total distribution.
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Appendix B
Vacuum system and nominal
values of vacuum pumps
Tab. B.1: Nominal values for the vacuum pumps used in the CEB-22PT
Model Manufactor Pumping speed (N2) / l s−1
TPU 2200 Pffeifer 2200
TPU 240 Pffeifer 230
TV 340M Leybold 340
TPD 011 Pffeifer 10
TMU 200MP Pffeifer 180
TR DUO 016B Pffeifer 5
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